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THEME 


This  meeting  provided  research  scientists  and  development  engineers  with  a  broad  information  on  acceptable  inflow 
distortion  parameters  to  be  applied  to  airframe  intake  integration,  computation  technique  for  engine/compressor 
performance  predictions  of  distorted  inflow,  distortion  inflow  detection  and  experimental  investigation  of  engine  instability 
and  response  to  flow  distortion,  extending,  to  the  present-state-of-the-art,  methods  and  data  reported  in  previous  Symposia, 
and  particularly  in  the  46th  PEP  Meeting  (September  1975)  on  “Unsteady  Phenomena  in  Turbomachinery',  and  the 
AGARD  Lecture  Series  No.72  (November  1964)  on  ‘Distention  Induced  Engine  Instability’. 

Particular  attention  of  the  meeting  was  also  focused  on:  matching  inlet  and  engine  designs;  aeromechanics!  response  of 
turbo-engine  to  time-variant  total  pressure  and  temperature  distribution;  test  techniques  for  simulating  the  effects  of  dynamic 
distortion  on  engine  stability. 


•  •  •  * 


Cette  reunion  a  donne  aux  scientifiques  et  aux  inginieurs  de  developpement  une  grande  quantity  d’informations  sur  les 
parametres  acceptable?  de  distorsion  de  Pentree  d’air  h  apphquer  a  l'integration  de  I'admission  de  la  cellule,  sur  les 
techniques  de  calcul  pour  prdvoir  l’influence  de  la  distorsion  d'emree  d’air  sur  les  performances  des  motcurs  et  des 
compresseurs,  sur  la  detection  de  la  distorsion  d'entree  d'air  et  sur  les  etudes  experimen  tales  de  I’instabilite  des  motcurs  et  de 
leurs  reponses  &  la  distorsion  de  l’ecoulement;  ces  informations  actualiseront,  en  tenant  comptc  du  niveau  actucl  de  la 
technique,  les  methodcs  et  les  donnees  signalees  dans  les  Symposiums  precedents  et  en  particuher  dans  la  46etne  Reunion 
du  PEP  (Septembre  1 975)  sur  ‘Les  phenomenes  transitoires  dans  les  turbomachines',  et  dans  le  Cycle  de  Conferences 
AGARD  No.72  (Novembre  1984)  sur  ‘L’instabibte  des  moteurs  provoquee  par  le  distorsion’. 

Cette  reunion  a  etudie  phis  particulierement  les  sujets  suivants:  adaptation  de  la  conception  de  I'entree  d’air  a  la 
conception  du  moteur,  reponse  aerodynamique  d  une  turbomachine  ii  la  distribution  de  pression  et  de  temperature  en 
fonction  du  temps;  technique  d'essais  pour  simuler  les  effets  de  la  distorsion  dynamique  sur  la  stabilite  des  moteurs. 
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TECHNICAL  EVALUATION  REPORT 


by 

D.D.Williams 
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Filton 

Bristol  BS12  7QE 
UK 


SUMMARY 

The  68th  (A)  Specialist  Meeting  of  the  PEP  was  held  to  debate  state-of-the-art  developments  in  engine  response  to 
intake  distortion.  The  meeting  was  well  attended  and  the  principal  objectives  were  met.  Aeromechanical  aspects  of  intake/ 
engine  compatibility  were  not  covered. 

Recommendations  for  specific  technical  work  items  arising  from  the  presentations  and  discussions  held  at  this  meeting 
and  from  the  subsequent  oral  evaluation  are  made  (Section  3).  Four  follow-up  PEP  Specialist  meetings  to  take  place 
notionally  in  a  five-  to  ten-year  period  can  be  considered.  These  cover:- 

—  Intake  Flow  Numerical  Computation 

—  Compressor  Aeromechanical  Response 

—  Engine  Stability  Computer  Modelling 

—  Statistical  Aspects  of  Surge  and  Post-Stall  Modelling 

The  last  proposal  has  wide  ramifications,  extending  beyond  the  interface  flow  —  distortion  issue. 

General  observations  are  that  liaison  should  be  maintained  with  other  organisations  working  in  the  distortion  field,  eg, 
the  S  16  Committee  of  the  SAE.  Proposals  for  work  on  developing  intake  total-temperature  distortion  methodology  have 
been  deferred  pending  developments  in  other  areas. 


I.  INTRODUCTION 

Intake/engine  aerodynamic  compatibility  continues  to  be  a  major  interface  operability  consideration  affecting  the 
design  and  development  of  military  aircraft  propulsion  systems.  In  the  decade  or  so  since  AGARD  Lecture  Series  72  on 
“Distortion-Induced  Engine  Instability”,  held  in  November  1974,  and  the  46th  Propulsion  and  Energetics  Panel  Meeting 
held  on  “Unsteady  Phenomenon  in  Turbomachinery"  in  September  1 975,  intake  flow  distortion,  in  a  variety  of  forms,  has 
become  increasingly  a  key  technical  and  formal  issue  as  regards  its  effects  on  turbomachinery  design,  performance,  stability 
and  mechanical  integrity. 

The  principal  problem  remains  that  of  engine  stability  or  surge.  As  a  result,  it  is  the  destabilising  aspect  of  intake 
distortion  that  is  prominent  in  the  design  specifications  of  the  intake,  engine  components  —  notably  the  compressors,  and  the 
intake  and  engine  control  systems.  General  guidelines  to  engine  stability  assessments  have  been  developed  and  great 
progress  has  been  made  in  establishing  improved  empirical  correlations,  analytical  methods  and  numerical  computer  codes. 
Novel  forms  of  distortion  affecting  propulsion  system  operability  have  been  encountered  during  flight  development. 

The  increased  cost  of  ground  testing  (rig,  wind-tunnel,  engine)  and  flight  testing  has  led  to  a  further  need  to  improve 
prediction  methods  to  provide  reliable  assessments  of  the  compatibility  problem  and  anticipate  solutions  earlier  in  the  design 
phase  of  a  project.  The  rapid  increase  in  the  power  of  digital  computers  has  led  to  the  need  to  better  understand  the 
important  underlying  physical  parameters  governing  surge,  for  example,  to  be  able  to  interrogate  the  computer  and  to  make 
best  practical  engineering  use  of  the  large  numerical  data  base  generated  and  minimise  its  costs. 

It  was  therefore  timely  that  the  PEP  68th  (A)  Specialists'  Meeting  had  engine  response  to  distorted  inflow  conditions  as 
its  theme.  The  meeting  objectives  were  to  review  the  state-of-the-art  and  provide  research  scientists  and  development 
engineers  with  a  broad  information  base  on:- 

—  Acceptable  Flow  Distortion  Parameters 

—  Flow  Distortion  Measurement 

—  Computational  Techniques 

—  Experimental  Engine-Response  Investigations. 

It  was  the  intention  that  particular  attention  be  paid  to  inlet/engine  matching,  engine  stability  and  aeromedical  response 
to  total-pressure  and  temperature  distortion  and  to  test  techniques  for  simulating  the  effects  of  dynamic  distortion  on  engine 
stability. 


This  report  summarises  the  papers  presented  (Section  2)  and  assesses  them  against  the  above  aims  using  as  a  basis  the 
presentation  and  discussion  material  together  with  the  results  of  the  oral  evaluation.  The  main  conclusions  and 
recommendations  for  further  work  are  presented  with  suggestions  for  future  distortion-related  PEP  Specialists’  Meetings 
(Section  3). 

2.  CONTENT  OF  MEETING 

The  two-day  meeting  was  organised  in  four  sessions  covering  1 6  papers.  There  were  approximately  1 63  officially- 
registered  attendees  from  a  number  of  universities,  research  establishments,  industry  (airframe,  engine)  and  government 
bodies.  Attendance  was  excellent  at  all  sessions. 

2.1  Introduction 

The  introductory  overview  of  the  state  of  the  art  discussed  total-pressure  distortion  and  other  forms  of  intake 
disturbance  such  as  planar-wave  distortion,  swirl  and  total-temperature  distortion,  concentrating  on  developments  in  time- 
variant  total-pressure  methodology  in  the  context  of  engine  stability.  Attention  was  drawn  to  the  comprehensive  guidelines 
covering  the  empirical  approach  to  distortion  description  (parameter  formulation),  data  acquisition  and  processing, 
performance  and  surge  correlation  and  assessment  procedures  provided  in  SAE  publications  ARP  1 420  and  AIR  1419. 
Semi-analytic  dynamic  distortion  response,  spool-coupling  aspects  of  engine  distortion  response  and  statistical  aspects  of 
surge  were  stressed. 

Principal  conclusions  were  that  good  progress  has  been  made  since  AGARD  Lecture  Series  72  in  a  number  of  key 
areas  covered  in  the  session  papers.  Extensions  of  methods  to  the  new  compact,  high-duty  engines  for  use  in  high-capability 
military  aircraft  are  needed,  particularly  in  the  development  of  analytical  and  computer  methods  having  improved  instability 
onset  criteria.  The  relevance  of  other  forms  of  intake  distortion  to  a  specific  propulsion  system  development  needs  to  be 
identified  earlier. 

2.2  Technical  Presentations 

Session  I  —  Unsteady  Flow  and  Validation  of  Empirical  Distortion  Parameters 

M.Goutines  (SNECMA.  Fr)  reported  work  carried  out  at  SNECMA  to  develop  clean-flow  surge  line  predictions  and 
numerical  distortion-response  codes.  The  experimental  work  described  a  state-of-the-art,  time-variant  totaj-pressure  data 
acquisition  system  and  a  simple  means  of  generating  and  simulating  dynamic  pressure  distortion. 

It  was  concluded  from  parametric  studies  that  compressor  inlet  guide  vanes,  low-aspect- ratio  blades  and  small  blade- 
row  gaps  increase  stall  margin  and  reduce  compressor  distortion  sensitivities. 

F.Aulehla  (MBB,  Gc)  discussed  low-cost  methods  for  synthesising  time-variant  total-pressure  distortion  and  the  effects 
of  intake  swirl  on  surge  and  blade/disc  vibration.  Some  aspects  of  temperature  distortion  due  to  VSTOL  hot-gas  reingestion 
were  reported. 

It  was  recommended  that  synthesis  methods  or  steady-state  correlation  methods  be  considered  as  a  basis  for  estimating 
time-variant  total- pressure  distortion  for  preliminary  design  work,  albeit  with  increased  uncertainty  and  need  for  greater 
margins. 

The  effectiveness  of  fences/baffles  as  simple,  effective  solutions  to  swirl  problems  was  pointed  out  in  the  paper  and 
during  the  ensuring  discussion. 

H.Kiinklcr  (IABG,  Ge)  described  a  steady-state  temperature  distortion  prediction  model,  extending  the  two- 
compressors-in-parallel  method,  together  with  results  from  tests  on  a  single-spool  jet  engine  with  total-pressure  and 
temperature  distortion. 

Session  II  —  Computation  Techniques  for  Engine/Compressor  Performance  Predictions  of  Distorted  Flow 

L.A.Povinelli  (NASA  LeRC.  US)  dealt  with  the  important  topic  of  modelling  intake  flow.  His  paper  presented  the 
results  of  applying  a  parabolised  Navicr-Stokes  (PNS)  code  to  various  subsonic  curved  inlet  ducts  and  a  2-D  hypersonic 
mixed-compression  Mach  5  inlet.  Total-pressure  and  secondary-flow  predictions,  including  effects  of  vortex  generators, 
were  compared  favourably  with  experimental  data. 

The  importance  of  total  boundary  layer  development  on  all  walls  was  stressed.  The  model  is  thought  to  be  capable  of 
predicting  swirl  development  in  S-shaped  ducts  provided  that  one-sided  flow  separation  at  diffuser  entry  can  be  specified 
adequately.  Experimental  confirmation  of  entry  conditions  would  be  difficult.  The  limitations  of  the  PNS  model  in  regions  of 
strongly-separated  flow  were  discussed.  Further  work  in  this  area  is  desirable. 

T.P.Hynes  (Camb  U,  UK)  introduced  a  fundamental  2-D  fluid-dynamic  stability  analysis,  extending  that  presented  by 
Greitzer  and  Hynes  at  the  1 984  Winter  Annual  Meeting  of  ASME.  The  eigenvalue  model  predicts  flow  instability  onset  in 
low-speed  multistage  axial  compressors  for  long-wavelength  circumferentially-distorted  inlet  flow.  Main  conclusions  were 
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thal  an  “integrated-mean-slope"  instability-onset  criterion  may  be  used  for  distorted  flow  wherever  the  dynamics  of  the 
compressor  can  be  regarded  as  independent  of  the  operating  environment.  This  is  valid  except  when  system-dependent  surge 
and  compressor  stall-cell  frequencies  coincide,  when  the  tendency  to  instability  increases. 

The  analysis  provides  estimates  of  compressor  sensitivity  (rate  of  loss  of  surge  pressure  ratio  with  pressure  distortion 
level).  It  enables  the  validity  of  the  two-compressors-in-parallel  method  to  be  examined  in  terms  of  compressor  design 
variables. 

P.Laval  (ON  ERA,  Fr)  gave  a  comprehensive  mathematical  description  of  a  major  numerical  code  for  predicting 
compressible  3-D  flow  development  through  turbomachinery.  Numerical  results  obtained  from  a  CRAY- 1 S,  operated  in  the 
vector  mode,  were  compared  favourably  with  experimental  data  obtained  from  tests  of  a  single-stage  low-speed  compressor 
operating  with  a  steady,  mixed  circumferential/radial  total-pressure  distortion  at  entry.  Developments  of  the  code  are  in 
process. 

A  film  was  shown  to  illustrate  the  numerical  convergence  of  the  program  to  an  asymptotic  solution. 

J.P.OUier  (Soc  Berlin,  Fr)  provided  an  overview  of  a  singularity  method  coupled  with  an  unsteady  boundary-layer 
calculation  for  modelling  unsteady  subsonic  cascade  flow  in  unstalled  and  dynamic-stall  regimes.  The  short-term  aim  of  the 
work  is  to  provide  a  method  for  assessing  the  distortion  sensitivity  of  multistage  axial  compressors. 

Good  numerical  results  have  been  obtained  for  steady  flow  and  unsteady  attached  flow  but  quantitative  validation  is 
proving  difficult  due  to  the  paucity  of  relevant  experimental  data.  For  dynamic  stall,  the  studies  have  shown  the  importance 
of  correct  modelling  of  the  flow  in  the  neighbourhood  of  the  separation  point. 

M.Lecht  (DFVLR,  Ge)  has  studied  ways  of  improving  the  compressors-in-parallel  model  for  surge-line-loss  prediction 
due  to  circumferential  total-pressure  distortion  using  a  simple  rotor  dynamic-response  model  based  on  Melick  and  Simkin, 
together  with  a  C[  overshoot  formulation.  Comparisons  with  experiment  for  single-stage  compressors  show  that 
distorted-flow  performance  predictions  can  be  substantially  improved  though  some  bcyond-stall  extrapolation  difficulties 
arise. 

Session  III  —  Distorted  Inflow  Detection 

W.G.Steenken  (GE,  US)  addressed  the  important  question  of  engine  post-stall  behaviour.  The  results  of  a  whole- 
engine,  low-frequency  (order  50  Hz)  computer  model  of  a  mixed-flow  augmented  turbofan  engine  were  described  briefly  in 
relation  to  engine  test  validation.  Circumstances  typifying  the  development  of  cyclic  surge  or  stagnation  stall  were  described. 

J.E.Flitcroft  (RAE,  UK)  presented  the  results  of  research  tests  on  a  three-stage,  axial-flow  fan  performed  to  investigate 
the  effects  of  total-pressure  distortion  and  inlet  bulk  swirl  on  fan  distortion  tolerance  and  its  distortion-transfer 
characteristics.  The  results  showed  that  fan  contra-rotational  swirl  caused  a  severe  increase  in  unsteady  distortion  at  the  hub 
of  the  fan  at  exit,  particularly  when  associated  with  a  steady  circumferential  total-pressure  distortion  at  inlet,  due  to  the 
development  of  rotating  stall  in  the  hub  region.  Theoretical  modelling  met  with  only  limited  success. 

S.Colantuoni  (Alfa  Romeo,  It)  dealt  with  an  experimental  investigation  of  compressor  rotating  stall  development  and 
noise  in  the  A  3 1 8  turboprop  engine. 

TXBiesiadny  (NASA  LeRC,  US)  reviewed  the  wide-ranging  experimental  and  modelling  work  carried  out  by  NASA 
on  engine  total-pressure  and  temperature  distortion  response.  Descriptions  of  the  LeRC  hydrogen  burner  for  generating 
steady-state  and  transient  total-temperature  distortions  and  of  the  air-jet  generator  for  producing  total-pressure  distortion 
were  described.  Experimental  results  for  spatial  temperature  distortion  and  temperature  ramps;  for  spatial,  rotating  and 
pulsed  total-pressure  distortion  and  for  combined  pressure  and  temperature  distortion  were  presented  in  terms  of 
compressor  sensitivities  and  distortion  transfer.  The  results  from  refined  parallel-compressor  models  were  described  as 
successful  in  accounting  for  the  important  features  of  the  test  results. 

Session  IV  —  Experimental  Investigations  of  Engine  Instability  and  Response  to  Flow  Distortion 

C  J.MacMiller  (Rockwell,  US)  summarised  the  results  of  extensive  investigations  conducted  to  determine  the  B 1  -B 
aircraft  intake  performance  and  distortion  characteristics.  Planar-wave  total-pressure  distortions  at  discrete  frequencies 
were  encountered  as  a  result  of  intake  duct  and  ECS  pre-cooler  resonances  and  nose-gear  wake  ingestion.  Several  general 
observations  were  made: 

—  Every  effort  should  be  made  to  identify  novel  forms  of  distortion  and  their  impact  on  engine  stability  and  structures 

prior  to  flight  development. 

—  The  problem  of  engine  response  to  combined  planar  and  spatial  time-variant  distortion  is  not  well  understood  and 

needs  to  be  addressed.  Analytical  methods  need  to  be  developed. 

—  The  engine-face  acoustic  termination  should  be  simulated  in  small-scale  intake  model  testing  where  significant  planar- 

wave  and  duct  resonances  are  anticipated  to  occur.  (Means  for  accomplishing  this  have  been  identified.) 


JHuard  (ONERA,  Fr)  dealt  with  experimental  work  on  the  distortion  transfer  through  a  single  stage.  The  work  is 
aimed  at  establishing  a  data  base  using  Fourier  snalysu  of  the  distortion  profiles  for  the  development  of  an  unsteady  lemi- 
actuator  disc  modeL 

H.P.Genssler  (MBP,  Ge)  described  methods  for  generating  bulk-  and  twin-twirl  for  future  Lame  engine  testing  Swirl 
pattern  results  from  small-scale  development  tests  show  good  agreement  with  design  goals. 

2.3  Discussion 

The  meeting  content  reflected  well  the  progress  that  has  been  made  in  developing  intake/engine  distortion  technology 
It  succeeded  in  achieving  its  principal  objectives  and  provided  a  good  forum  for  the  exchange  of  views.  T urbomachinery 
distortion-response  aspects  were  well  covered  with  the  exception  of  aeromechanics!  questions  such  as  compressor  rotor- 
blade  forced  vibration  and  Sutter. 

The  material  can  be  grouped  into  four  main  categories:  Intake  Distortion  Sources,  Compressor  and  Engine  Response 
(Prediction,  Experimental),  Test  Techniques  and  Distortion  Consequences.  A  grouping  is  shown  in  Table  1 . 

The  coverage  of  intake  distortion  sources  was  good.  The  four  contributions  deah  with  time- variant  spatial  total- 
pressure  distortion  (state  of  the  art)  and  new  approximate  methods  of  treatment  More  importantly,  new  forms  of  distortion: 
planar-wave  total-pressure  fluctuations  and  swirl  were  reported,  pointing  up  the  need  to  develop  methods  for  anticipating 
these  early  enough!  to  avoid  encountering  them  in  flight  development.  More  attention  needs  to  be  paid  to  the  question  of 
engine  simulation  during  small-scale  intake  wind-tunnel  tests  and  to  the  development  of  appropriate  intake  distortion 
simulators  at  full  scale. 

The  discussion  of  interface  distortion  parameters  was  somewhat  disappointing  being  limited  to  the  reporting  without 
commentary,  of  established  spatial  total-pressure  distortion  guidelines  described  in  SAE  Aerospace  Recommended 
Practice,  ARP  1 420,  and  Air  Information  Report,  AIR  1419.  Little  progress  appears  to  have  been  made  in  the  three  to  eight 
years  since  these  publications  and,  clearly,  there  is  a  need  to  consider  the  application  of  these  recommendations  and  address 
mixed  forms  of  intake  distortion.  Again,  very  little  progress  appears  to  have  been  made  in  developing  temperature-distortion 
parameters  and  establishing  and  validating  compressor  temperature-distortion  sensitivities.  This  represents  a  technology 
void  which  is  surprising,  recalling  that  HP  compressors  operate  in  the  mixed  pressure  and  temperature  distortion  field 
delivered  by  the  LP  compressor.  The  problem  is  being  addressed  currently  by  the  S  16  Committee  of  SAE. 

There  was  a  strong  emphasis  on  engine  distortion  response  via  fifteen  relevant  contributions.  These  were  about  equally 
divided  between  prediction  and  experimental  topics,  several  authors  contributing  to  both. 

In  the  test-techniques  section,  methods  for  total-pressure,  swirl  and  total-temperature  distortion  simulation  were 
addressed.  The  latter  is  particularly  relevant  to  the  hot-gas-reingestion  problem  of  STOL  and  A  STOVE  aircraft  and  further 
work  in  this  area  should  be  encouraged.  The  two  papers  dealing  with  the  consequences  of  instability  reviewed  the  important 
subject  of  post-stall  engine  modelling  (surge,  stagnation  stall)  and  a  particular  turboprop  rotating  stall  experience. 

A  welcome  feature  was  the  emphasis  on  the  development  of  theoretical,  semi-analytic  and  numerical  codes  and  their 
validation.  Major  and  impressive  progress  has  been  made  since  the  last  AGARD  review  in  the  development  and  application 
of  methods  to  the  distortion  problem,  on  both  intake  and  engine  sides  of  the  interface.  The  development  of  prediction 
methods  is  important  to  anticipate  problems  earlier  in  propulsion  system  design,  prior  to  component  testing,  to  allow 
effective  design  action  to  be  taken  and  reduce  intake  wind  tunnel,  compressor  rig,  and  engine  bench  and  ATF  test  costs 
Developments  may  be  expected  to  be  very  rapid  so  there  is  a  near-term  need  to  provide  practical  focii  for  inlakc/cnginc 
aerodynamic  compatibility  aspects  of  the  work  through  clear  problem  statements.  Priorities  need  to  be  stated  if  best  use  is  to 
be  made  of  the  enormous  computer  data  output  that  will  result.  As  examples,  intake  Navier-Stokes  codes  need  to  be  capable 
of  dealing  with  separation  and  estimating  time-variant  total-pressure  distortion  patterns  and  parameters,  swirl  distortions  in 
S -shaped  ducts  and  axial-mode  acoustic  resonance.  Turbomachinery  codes  need  to  address  stage,  compressor  and  system 
instabilities  by  means  of  soundly-based  criteria  for  predicting  instability  onset.  Much  work  needs  to  be  done  to  ensure  that 
the  numerical  stability  limit  is  a  true  estimate  of  the  aerodynamic  instability. 

An  excellent  start  front  fundamental  principles  has  been  made  for  low-speed,  high  hub-tip-ratio  compressors  in  the  2-D 
incompressible  analysis  of  Hynes  and  Greitzcr.  This  approach  needs  to  be  extended  to  compressible  flow  and,  as  anticipated 
by  the  authors,  to  multiple  components  and  the  overall  system.  Clearly,  a  "3-D  version"  is  required.  It  is  still  not  dear  how 
the  Greitzer  B  parameter  is  to  be  used  to  help  assess  the  stability  of  a  military  turbofan  compression  system.  A  related  issue  is 
that  of  the  flow  coupling  between  the  spools  of  a  multispool  engine.  This  subject  has  not  received  sufficient  attention  despite 
the  fact  that  it  has  for  some  time  now  been  recognised  that  compressor  behaviour,  in  particular  its  distortion  response,  is 
strongly  dependent  on  the  system  in  which  it  operates,  when  dose-coupled  to  other  components  within  that  system. 

A  refreshing  aspect  was  the  attempts  by  several  contributors  to  develop  clearer  physical  insight  and  develop  simpler, 
approximate  theories  for  surge  prediction,  in  particular  to  extend  the  two-compressorx-in-paraUel  (2CLL)  model  through 
the  inclusion  of  rotor  unsteady  response  terms.  Two  approaches  were  evidenced  involving  blade-row  channel  inertia 
modelling  and  aerofoil  unsteady  response.  These  approaches  need  to  be  reconciled.  This  work  again  emphasised  the  need  to 
pay  careful  attention  to  compressor  boundary  conditions. 


There  was  very  link  discussion  of  structural  and  mechanical  integrity  aspects  of  propulsion  system  development,  either 
from  the  intake  stressing  viewpoint,  eg,  response  to  engine  surge  loads,  or  compressor  aeromechanics!  response,  as  may  be 
expected  perhaps  from  a  meeting  of  this  nature  and  the  time  constraints.  Intake/ engine  interface  distortion  parameters  to 
describe  compressor  rotor-blade  forced  vibration  and  flutter  differ  from  those  appropriate  to  surge  and  performance  in 
having  a  strong  Fourier-harmonic  content  The  blade-row  modelling  discussed  at  some  length  at  the  meeting  was  restricted 
to  rigid  blades  and  is  not  appropriate.  Engine  aeromechanics!  problems  are  encountered  in  propulsion  system  development 
and  it  is  recommended  that  a  separate  forum  be  held  to  review  this  aspect  of  compatibility. 

The  meeting  was  reminded  of  statistical  aspects  of  the  surge  problem  and  the  implications  for  assessment  procedures 
and  design.  The  overall  engine  stability  question  depends  on  many  potentially  destabilising  effects,  other  than  intake 
distortion.  Such  effects  include  for  example  compressor  surge  margin  loss  due  to  power  off-take  and  Reynolds  number. 

Some  of  the  effects  are  random  in  nature  and  the  arithmetic  summation  of  all  effects  leads  to  large,  often  unrealistic,  surge 
margin  requirements.  More  work  is  needed  in  this  area. 

The  consequences  of  exceeding  the  engine  stall  limit  (surge,  stagnation  stall)  can  now  be  modelled  and  procedures 
should  be  evolved  through  such  whole-engine  codes  to  estimate  the  wider  operational  implications  of  stall.  Conclusions  from 
such  studies  may  well  influence  intake/engine  compatibility  considerations  and  design  decisions. 


3.  CONCLUSIONS  AND  RECOMMENDATIONS 

A  number  of  specific  recommendations  for  further  work  can  be  considered  as  an  outcome  of  this  specialist  meeting. 
Intakes 

Develop  numerical  flow-prediction  methods  for  sub-  and  supersonic  intake  diffusers  capable  of  modelling  separation, 
swirl  development  and  acoustic  resonances.  Codes  should  aim  to  calculate  distortion  parameters. 

Pursue  simplified,  time-variant,  total-pressure,  spatial-distortion  measurement  methods  for  use  in  the  early  stages  of 
propulsion  system  design  and  development. 

Develop  temperature-distortion  technology  with  improved  full-scale  simulation  techniques  and  model/full-scale  scaling 
rules. 


Investigate  the  need  for  and  means  of  simulating  the  presence  of  the  engine  during  small-scale  intake  wind-tunnel  tests. 
Turbomachinery 

Pursue  2-D  flow  stability  analyses  and  extend  to  compressible  flow.  Applicability  and  limitations  to  low-hub-tip-ratio 
compressors  (2-D/3-D  aspects). 

Consolidate  circumferential-distortion,  dynamic-response  estimation  methods  and  reconcile  alternative  channel/blade 
approaches. 

Develop  numerical  codes  with  improved  instability  onset  criteria. 

Develop  spool-coupling  methodology  in  overall  engine  distortion-tolerance  assessments. 

Model  planar-wave  distortion  with  coupled  time-variant  spatial  distortion. 

Develop  models  to  account  for  the  destabilising  effects  of  intake  swirl  in  the  presence  of  total-pressure  distortion. 

Pursue  statistical  aspects  of  surge. 

Develop  whole-engine  models  to  estimate  post-stall  engine  behaviour  and  evaluate  control  strategies. 

Address  aeromechanic al  response  technology',  develop  relevant  distortion  parameters;  methods  for  the  prediction  and 
correlation  of  compressor  rotor  blade  (blade/disc)  forced  vibration  and  flutter. 

It  is  anticipated  that  the  above  topics  provide,  variously,  tasks  appropriate  to  the  range  of  AGARD  participating 
organisations  over  a  notional  five  lo  ten-year  time  span.  Ongoing  research  and  project-related  efforts  within  this  time  period 
will  mature  and  it  is  important  to  maintain  liaison  with  appropriate  bodies,  for  example  the  S  16  Committee  of  the  SAE. 

Recommendations  for  four  foliow-up  PEP  specialist  meetings  are  suggested.- 

1 .  Intake  Flow  Numerical  Computation 

2.  Compressor  Aeromechanical  Response 

3.  Engine  Stability  Computer  Modelling 

4.  Statistical  Aspects  of  Surge  and  Post-Stall  Computer  Modelling. 
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The  rationale  underlying  these  suggestions  is  the  need  to  assemble  a  wider  range  of  informed  opinion  on  specific 
aspects  of  the  inlet/engine  compatibility  problem  to  provide  a  better  appreciation  of  technological  capability  and  prospects 
in  the  various  specialist  fields.  Pre-requisite  is  the  need  to  maintain  communication  across  the  interface.  Sufficient 
information  was  generated  at  this  specialist  meeting  to  set  appropriate  guidelines. 


GROUP 

PAPER 

NUMBERS 

AUTHORS 

INTAKE  DISTORTION 

1 

WILLIAMS  (RR) 

SOURCES 

3 

AULEHLA  -  SCHMITZ  (MBB) 

5 

POVINELLI  (NASA) 

16 

MACM1LLER  (ROCKWELL) 

COMPRESSOR  AND 
ENGINE  RESPONSE 

PREDICTION 

1 

WILLIAMS  (RR) 

(Analytic/ 

2 

GOUTINES  -  JOUBERT  (SNECMA) 

Numerical) 

4 

kOschel  -  kOnkler  -  tOnskotter 

(RWTH.1ABG) 

7 

HYNES  -  CHUE  -  GRE1ZER  -  TAN  (CAMB'  U,  MIT) 

8 

LAVAL  -  BILLET  (ONERA) 

9 

GILLANT  -  OLLIER  -  SAGNES  (SOC  BERTIN) 

10 

LECHT  (DFVLR) 

EXPERIMENTAL 

1 

WILLIAMS  (RR) 

2 

GOUTINES  -  JOUBERT  (SNECMA) 

4 

KOSCHEL  -  KONKLER  -  TONSKOTTER 
(RWTH,  IABG) 

8 

LAVAL  -  BILLET  (ONERA) 

10 

LECHT  (DFVLR) 

13 

DUNHAM  -  FLITCROFT 

15 

B1ESIADNY  (NASA) 

17 

HUARD (ONERA) 

TEST  TECHNIQUES 

2 

GOUTINES  -  JOUBERT  (SNECMA) 

15 

BIESIADNY  (NASA) 

18 

MEYER  -  FOTTNER  -  GENSSLER  (UNIV  B.  MBB) 
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DISCUSSION 

Ph.Ramette,  Fr 

What  are  the  possible  limitations  of  the  next  generation  of  computers  on  our  ability  to  carry  out  the  intake 
computational  work? 

Author’s  Reply; 

I  am  not  qualified  to  answer  the  question.The  computer  may  be  expected  to  have  a  powerful  role  in  future 
compatibility  work  provided  the  right  problems  are  put  to  it.  We  have  to  be  selective  in  what  we  do  and  how  we  cope 
with  the  information  generated. 

FAulehla,  Ge 

1 .  I  suggest  that  we  should  concentrate  on  developing  simplified  time-vai  iant  total-pressure  distortion  methods, 
starting  perhaps  from  the  steady  half-lambda  correlation  and  distinguishing  unseparated  and  separated  flow  cases. 

2.  I  cannot  see  how  we  can  readily  simulate  the  engine  during  intake  model  tests.  Would  not  a  mini-engine,  for 
example  CMAPS,  be  unrepresentative  of  later  engines? 

Author’s  Reply 

It  would  be  difficult  to  simulate  a  particular  engine,  especially  over  the  range  of  throttle  settings.  One  should  consider 
provisioning  means  to  simulate  the  acoustic  termination  when  there  is  reason  to  believe  duct  resonance  could  be  a 
problem. 
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The  purpose^of  this  paper  is  to  provide  an  introductory  overview  to  the  68th  PEP  Spe  ;ialist 
Meeting.  It  ^reviews  some  current  aspects  of  tine-variant,  spatial  total-pressure  distortion  and 
other  forma  such  as  swirl,  static-pressure  distortion,  planar-wave  perturbations  of  total 
pressure,  and  total  teaperature  distortion.  Engine  response  considerations  include  the 
influence  of  engine  spool  coupling  on  stability,  developaients  in  the  modelling  of  total- 
pressure  circumferential  extent  effects,  and  swirl/total-pressure  interactions. 
Guidelines  for  the  formulation  of  distortion  descriptors  and  performance /stability  assessments 
are  reviewed.  ^ . 
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Two  Compressors  In  Parallel 
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Low  Total -Pressure  Sector 
Perturbation 
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Undistorted,  Steady-State  Plow  Conditions 

Critical  Sector  Angle 
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Intake  Total -Pressure  Recovery  Factor 
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Gas  Density 
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Axial-Ve loci ty/Vh eel  Speed  Ratio 

Non-dimensional  Compressor  Pressure  Rise 


l.  OIUDOCnOR 

In  the  decade  or  so  following  AGARD  Lecture  Series  72  on  Distortion-induced  Engine 
Instability,  held  in  1974,  and  the  46th  PEP  meeting  on  Unsteady  Phenomena  in 
Turbomachinery  in  197S  (Refs  1,2),  a  great  deal  of  progress  has  been  made  on  technical, 
procedural  and  organisational  aspects  of  the  intake/engine  flow  compatibility  problem. 
This  is  reflected  in  some  seven  relevant  papers  presented  at  the  60th  PEP  Sy^xosium  held 
in  1902.  (Ref. 3). 

A  consensus  has  been  reached  on  the  elements  needed  to  formulate  empirical  total-pressure 
distortion  parameters  or  descriptors  at  the  Intake/Bngine  interface  Plane  (AIP) .  A 
methodology  for  the  treatment  of  time-variant,  spatial  distortion  has  bean  consolidated 
into  general,  practical,  engineering  guidelines,  (Refs  4,5).  Other  forms  of  intake  flow 
distortion,  such  as  swirl  and  so-called  static-pressure  distortion  have  been  identified 
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and  treated.  The  problems  of  planar  wave  or  "in-phase*  total -pressure  and 
total-temperature  distortions  have  received  attention,  as  has  that  of  time-variant , 
spatial  total-temperature  distortion  at  the  AIP  -  an  important  topic  for  future  A8T0VL  or 
VSTOL  aircraft.  Mathematical  and  computer  modelling  of  intake  flows  and  the  distortion 
response  of  engine  compression  system  components  and  the  engine  itself  have  advanced  in 
(  several  major  respacts  and  are  being  extended  into  the  post-stall  regime*  these 

developments  emphasising  system  unsteady  dynamics.  The  importance  of  assessing  the 
y,  effects  on  engine  stability  of  flow  coupling  between  the  spools  of  a  multi-spool  engine 

$  has  been  recognised  and  a  methodology  developed  to  account  for  it.  A  further  development 

r  has  been  the  implementation  of  statietical  surge-margin  budgeting  methods. 

The  distortion  effort  continues  to  be  driven  by  engine  performance  and,  predominantly , 

‘  stability  aspects  of  the  compatibility  problem,  dealt  with  here.  Aeromechanical  issues 

such  as  rotor-blade  forced  response  and  distortion  effects  on  fluttsr  boundaries  appear 
to  have  received  less  attention  so  that  a  consensus,  stats-© f-the-art  methodology  has  yst 
to  emerge.  (Discussions  of  distortion-induced  blade  vibration  and  the  effects  of  intaks 
conditions  on  supersonic  un stalled  flutter  in  turbofan  engines  are  provided  in 
Refs  6  and  7) , 

Most  significant  has  been  the  formulation  of  procedural  guidelines  to  aid  the 
construction  of  intake  and  engine  design  and  development  programmes  and  of 
performancs/stability  assessments  appropriate  to  an  engineering  development.  practical 
recommendations  for  intake/engine  interface  instrumentation,  teat  and  distortion-data 
management  exist  (Refs  4,5). 

Not  least  important  is  the  improvement  that  has  taken  place  in  the  organisation  of  the 
effort  on  compatibility .  Closer  collaboration  between  airframer,  angina  manufacturer, 
research  establishments  and  procurement  agencies  has  taken  place  -  in  sosm  cases  through 
the  formation  of  project  compatibility  groups,  increased  international  exchanges  through 
standing  cosmittees,  such  as  816  of  8 AS,  and  symposia.  A  valuable  development  has  been 
the  increased  involvement  of  the  Universities  and  Technology  Institutions  in  aerospace 
engineering  problem  solving,  comp lamenting  fundamental  research. 

A  result  of  the  technology  and  managerial  developments  has  been  the  progressive  elevation 
of  intake  flow  distortion  to  be  an  active  consideration  In  propulsion  system  risk 
assessment  in  the  early  design  phases  of  a  project.  It  is  the  purpose  of  this  paper  to 
provide  an  overview  of  some  of  these  developments,  as  best  they  are  perceived  by  the 
author. 

2 .  TOTAL-PRESSURE  DISTORTION 

A  significant  development  in  the  technology  of  intake/engine  compatibility  has  been  the 
establishment  of  general  guidelines  for  assessing  the  effects  of  time-variant ,  spatial 
P  -distortion.  With  the  publication  of  SAE  Air  Information  Report,  AIR  1419,  in 
May  1983,  supplementing  Aerospace  Recommended  Practice,  ARP  1420,  published  earlier,  a 
definitive  engineering  methodology  is  available.  This  describes  AIP  distortion 
descriptors,  methods  for  assessing  engine  performance  and  stability  changes,  and  methods 
for  conducting  experimental  programmes.  Data  acquisition,  processing  and  management 
guidelines  are  provided. 


2.i  DivroarncB  mcumos 

Intake  steady-state  and  time-variant  total -pressure  measureamnts  are  used  to  define 
engine-face,  average  total  pressure  (recovery  factor)  for  performance  assessment  and 
spatial-distortion  components  for  correlating  the  effects  of  distortion  on  performance 
and  stability.  As  the  performance  question  is  predominantly  a  time-average  one,  it  is 
still  engineering  practice  to  use  steady-state  measurements  to  describe  it.  The 
additional  dynamic  measurements  are  used  in  the  stability  context. 

The  evolution  of  distortion  descriptors  and  their  components  from  those  reviewed  in  LS  72 
has  s teamed  from  an  engineering  consensus  derivsd  from  a  thorough  co-operative  effort 
involving  a  lot  of  applications  experience.  Whilst  no  universal  parameter  has  emerged  or 
is  thought  possible  for  the  general  distortion  case,  agreement  has  been  reached  on  the 
elements  of  a  general  parameter  defined  from  pressure-probe  measurements  in  the  intake. 
Typical  full-scale  rake  arrangements  are  shown  in  Figures  1  and  2. 

Four  basic  elements  have  been  recommended  (Figure  3) i  Circumferential  Intsnsity,  Extant 
and  Multiple-Per-Rev  elements,  definsd  at  constant  radius  (per  ring)  and  a  Radial 
Intensity  Element.  These  are  used  for  two  purposes t - 

(i)  to  complement  the  conventional,  total -pr assure  contour  amp  by  an  elsmsnt  histogram 
displaying  information  relatsd  to  angina  performance  and  stability  response  (Figure 
4). 

(li)  to  construct  fan  and  compressor  surge-pressure- ratio  loss  (  A  PR8)  correlation#. 

Figure  5  shows  the  ARP  1420  general  A  PRS -correlation  format  where  IL,  and  ,  here 
applied  flexibly  on  a  ring  basis,  repressnt  rates  of  loss  of  surge  pressure  ratio  with 
circumferential  and  radial  distortion  and  the  circisaferential-extent  and  I9R  elements  are 
incorporated  into  these  sensitivities.  The  principle  of  linear  superposition  has  been 
adopted.  Figure  6  provides  an  example  of  an  algebraic  formulation  of  an  engine-face 
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distortion  ptfa—ttr  appropriate  to  circumferential  distortion  in  annular  regions  of  the 
AIP.  A  typical  surge  correlation  is  shown. 

The  effectiveness  of  such  empirical  correlations,  validating  the  methodology,  stay  be 
judged  from  the  cceparison  between  predicted  and  measured  loss  of  surge  pressure  ratio 
shown  in  rigure  7  for  five  compressors.  Similar  results,  steaming  from  the  co-operative 
effort  alluded  to  earlier,  apply  for  the  J  85  compressor,  r  101  fan,  J58  compressor, 
r  100  fan,  Tf  41  fan  and  compressor,  and  for  a  research  fan,  and  turbofan  core  and 
compressor ,  (Ref  5) . 

A  central  consideration  is  the  identification  of  permissible  levels  of  distortion  for  the 
avoidance  of  surge,  ie,  the  specification  of  angina  distortion  tolerance.  The  erosion  of 
surge  margin  may  be  expressed  in  terms  of  A  PRS  or  in  terms  of  s  distortion  descriptor 
compared  with  a  limiting  lavel  of  that  descriptor. 

A  general  algorithm  for  accounting  angina  performance  changes  using  the  distortion 
elements,  analogous  to  the  ^  PRS  relationship  for  stability,  has  not  emerged.  Thii 
partly  reflects  the  fact  that  angina  performance  ie  highly  engine,  control-sensor  and 
control-system  -  specific.  Steady-state  distortion  levels  are  usually  small  at  important 
mission  performance  points. 

Radial  total-pressure  distortion  attenuates  rapidly  through  s  compressor  as 
static-pressure  perturbations  givs  rise  to  spsnwiee  gradients  that  act  to  even  out  the 
flow.  A  consequence  ie  that  radial  distortion  effects,  particularly  of  the  tip- low  type, 
ere  almost  exclusively  limited  to  the  LP  compressor,  as  is  now  well  established. 
Axisymmetric  through-flow  programs  are  well  able  to  be  adapted  to  investigate  the 
steady-state  problem,  though  much  work  still  remains  to  be  done  to  identify  instability 
criteria  for  low  hub/tip  designs. 

In  practical  installations  tha  AIP  distortion  is  s  mixture  of  redial  and  circumferential 
elements  for  which,  as  statad  earlier,  a  ganaral  empirical  correlation  method  hae  been 
developed.  A  task  facing  the  engine  designer,  however,  is  that  of  predicting  the  effects 
of  distortion  on  the  Lpc  surge  line  prior  to  rig  test.  An  interesting  result  is  shown  in 
rigure  8  where  a  three-stage  fan  was  tested  with  an  intake  distortion  comprising  a 
tip-low  radial  distortion  having  low  and  high  levals  of  circuaferential  distortion. 
Predictions  of  tha  affect  of  the  circumferential  distortion  using  s  modified 
two-compressor s-in -parallel  (2CU.)  model  operating  on  the  radially-spoiled  surge  line 
produced  tolerably  good  agreement  with  the  experimental  results.  rigure  9  shows 
sensitivity  presented  as  &  PRS  vs  circumferential  distortion  level  at  design  speed. 
Similar  results  were  obtained  in  the  speed  range  80%  to  100%. 

Estimation  methods  for  high  hub/tip,  HP  compressor  are  quite  well  developed  and  are 
reasonably  rsliabla  for  circumferential  distortion. 


Techniques  for  the  treatment  of  time-variant  spatial  distortion  are  now  well  known  and 
need  little  further  elaboration  here,  there  have  bean  no  significant  developments  to 
suggest  that  the  description  of  the  intake  spatial  distortion  by  low-pass  filtering  to  a 
frequency  of  approximately  one  LF  Compressor  rotor  revolution  is  seriously  in  error. 
Strictly,  cut-off  frequencies  differ  between  the  fan  and  HP  compressor  and  should  vary 
through  their  speed  ranges. 

Data  Scaling 

Small-scale  model  teste  are  the  main  source  of  intake  distortion  data.  In  order  to  apply 
results  to  full  scale,  turbulence  data  must  be  scaled  correctly.  Current  practice  is 
based  on  holding  Btrouhal  Humber  and  Mach  Humber  Invariant,  Reynolds  Humber  being  held 
as  high  as  possible  consistent  with  wind-tunnel  facility  /teodel-scale  constraints. 
8caling  of  the  statistical  data  is  based  on  turbulence  dissipation/dispersion  concepts, 
(Ref  10).  Data  Scaling  guidelines  are  shown  in  Table  l.  Reference  11  provides  results 
on  the  effects  of  scale  and  the  presence  of  an  angina  on  the  flow  distortion  measured  in 
e  pod  intake  of  a  transport  aircraft.  The  results  emphasise  again  the  importance  of 
Reynolds  number  and  flow-flald  lntaractions  between  components  in  close-coupled 
installations.  Results  for  s  long,  combat-aircraft  intaka  are  given  in  Reference  12. 

Time-Variant  Distortion  Synthesis 

The  acquisition  of  time-variant  data  is  axpensive  and  time  con  swing.  During  early 
screening  of  candidate  inlet  configurations  it  may  not  be  appropriate  to  employ  full, 
time-variant-distortion  measurement  methods.  It  is  however  highly  desirable  to  ensure 
that  the  preferred  inlet  design  ie  selected  against  a  background  of  quantified  flow 
unsteadiness  as  well  as  steady-state  distortion.  For  this  initial  screening  purpose  s 
technology  for  synthesising  time -variant  distortion  from  local-probe  steady-state  and  RMS 
pressure  recordings  using  random  number  algorithms  hae  been  established  (Refs  13  to  16) . 
An  array  of  low-  and  high-response  probes  may  be  incorporated  into  a  ro table-rake 
assembly.  By  this  means,  contour  plots  of  stationary  RMS  and  time -averaged 
total -pressure  may  be  obtained  readily  at  selected  inlet  operating  points  from  which 
estimates  of  peak  t ism -variant  distortion  can  be  made.  Should  regions  of  high  local 
turbulence  be  fixed  then  the  data  acquisition  systsm  may  be  simplified  further.  The 
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ainimnn  data  * amp ling  time  required  to  ensure  statistically  stationary  data  needs  to  be 
compatible  with  wind-tunnel  operating  times  and  coat.  This  normally  is  s  subject  for 
agreement  between  airframe  and  engine  manufacturers.  Figure  10  shows  an  output 
distortion  level  and  pattern  from  a  RR  distortion-synthesis  program.  Agreement  with  the 
measured  peak  time-variant  pattern,  obtained  from  comprehensive  AIP  instrumentation,  is 
considered  to  be  good.  At  higher  levels  of  distortion,  errors  can  occur  due  to  the  fact 
that  cross-correlation  of  total-pressure  between  probes  is  required,  (Kef  9) .  The  need 
to  incorporate  cross-correlation  is  indicative  of  large  turbulence  eddies  in  the  flow, 
symptomatic  of  undesirable,  large-scale,  flow  separation  within  the  intake. 

Circumferential  Extent 

Much  work  has  been  done  on  compressor  circumferential-distortion  response ,  s  key  question 
being  that  of  rotor  relative  dwell- time  in  the  spoiled  sector,  ie,  of  reduced  frequency. 
A  recent  analysis  by  Hynes  and  Greitser  for  circumferentially-distorted  incompressible 
flow  (Ref  8)  provides  an  important,  original  method  for  predicting  the  stability  limit  of 
high  hub/tip  multistage  axial  compressors.  The  calculations  show  from  first  principles 
that  a  wide  range  of  distortions  of  varying  extent,  intensity  and  waveform  can  be 
correlated  using  the  criticsl-sector-angle  concept,  "Bcrit".  Figure  11,  reproduced  from 
Ref  8,  shows  the  predicted  loss  of  stability  margin  with  the  DC  (Qcrit)  parameter  for  a 
critical  sector  angle  of  125*,  appropriate  to  the  analysis.  This  finding  confirms 
established  experimental  results,  eg,  those  of  Reid,  (Ref  17) . 

The  "Gcrit"  concept  provides  a  basis  for  correlating  circumferential  distortion  in  terms 
of  an  effective  intensity  and  leads  to  a  modified  2CLL  model  for  engineering  assessments 
of  loss  of  surge  pressure  ratio,  having  a  roughly  unique  sensitivity.  In  terms  of  the 
ARP  1420  circurferential  intensity  and  extent  elements,  an  approximate  relation  is:- 
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This  type  of  relationship  is  embodied  in  the  DPC  parameter  and  correlation  of  Figure  6. 

The  circumferential  dynamic  response  is  determined  by  a  relatively  simple  model  of  the 
blade-row  channel  flow,  notably  that  of  the  rotor,  by  equating  fluid  accelerations 
through  the  rows  to  the  unsteady  pressure  rises  across  the  rows.  A  simple  development  of 
the  ate t hod  utilises  the  rotor-row  unsteady  response  parameter,  X  ,  and  the  (provisional) 
instability  onset  IMS  -  0  criterion  of  Ref  8,  in  the  modified  pressure  rise  equation :- 
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Parabolic  fits  to  the  overall  compressor  characteristic  in  stalled  and  unstalled  regimes 
yield  a  simple  semi-analytic  solution  for  critical  sector  angle  in  terms  of  the  intensity 
and  unsteady  parameters: 


and 
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where,  circa  the  peak  of  the  compressor  characteristic: - 
Unstalled  Regime  (  ♦  2  4 J  ♦  * 

Stalled  Regime  (  4  S  *J  ■■  *  - 

Results  from  this  analysis,  applied  to  three  high-speed  multistage  compressors ,  are 
presented  in  Figure  12.  Agreement  with  empirically-derived  values  of  ths  critical  sector 
angle  is  good. 


Values  of  the  response  term,  \  ,  per  stage  appear  to  be  reasonably  constant  for  LP  and 

HP  compressors.  For  four  low  H/T  LP  compressors  and  seven  H/T  compressors  examined: 


X 

per  row 


0.314  (±101) 
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HPC  -  0.140  (±13%) 
per  row 

This  development  represents  sn  important  advance  in  the  methodology  for  the  estimation  of 
compressor  circvmrferential  distortion  response  and  it  is  interesting  to  compere  Figure  11 
of  Paper  5  of  AGARD  L S  72,  some  twelve  years  ago,  with  an  output  of  the  analysis  -  c.f. 
Figure  13  (Ref  18)  and  Figure  14,  respectively.  The  fora  of  the  loss  in  stall  margin  is 
well  predicted  by  the  theory,  (typical  values  of  A  /a  for  the  assumed  symmetric 
characteristic  of  Pigure  14  lie  in  the  range  0  to  0.15).  the  critical  sector  angle  locus 
lies  in  the  range  0  to  180*. 

Further  generalisation  can  be  made  to  relate  the  critical  sector  angle  uniquely  to  a 
compressor  design- variable  group  and  to  express  surge  sensitivity  in  terms  of 
circumferential  extent  and  this  group  or  theta-critical.  This  extension  allows  the 
conditions  for  the  2CLL  model  to  be  valid  to  be  examined. 

2.  2  SPOOL  COUPLING 

Traditional  assessments  of  engine  stability  treat  the  constituent  coaguressors  of 
multispool  engines  as  uncoupled,  ie  regard  them  as  operating  in  isolation.  Estimated  or 
empirically-derived  LP  compressor  and  HP  compressor  rig  distortion  sensitivities  and 
distortion  transfer  characteristics,  appropriate  to  compressors  having  roughly  'constant 
exit  static-pressure  are  utilised.  The  effect  of  MP  distortion  on  the  HP  compressor  is 
assessed  from  the  LP-compressor  rig  distortion  transfer  characteristics,  accounting  the 
loss  of  HP -compressor  surge  margin  due  to  both  total-pressure  and  temperature 
distortions.  It  has  now  been  established  that  such  assessments  can  produce  serious 
errors  in  engine  distortion  tolerance  estimates  and  in  the  diagnosis  of  the  "critical" 
compressor  when  the  cosipressors  are  closely  coupled.  It  has  emerged  that  compressors  of 
aircraft  gas  turbine  engines  are  mostly  close-coupled  in  the  inner  (10)  or  core-flow 
region,  (Ref  19) . 

The  8 pool  coupling  stems  from  the  change  in  the  LPC  (upstream)  compressor-exit  boundary 
condition  in  circumferential  total-pressure  distortion  when  induced  interspool 
static-pressure  distortion  acts  to  change  the  LPC  distortion  transfer  characteristics  and 
hence  the  LPC  distortion  sensitivity  and  HPC  sensitivities  to  pressure  and  temperature 
distortion.  As  a  result,  the  loss  of  surge  margin  of  the  LP  and  HP  compressor  differ 
from  those  assessed  on  an  uncoupled  basis.  Distortion  results  from  compressors  tested 
alone  have  to  be  interpreted  carefully  in  the  engine  context.  Reference  19  presents  a 
full  theoretical  analysis  for  both  compressible  and  incompressible  flows,  suggesting  a 
method  for  accounting  for  the  coupling  and  comparing  experimental  results  of  flow-field 
measurements  in  vaned  and  vane-free  interspool  gaps. 

Figure  15  shows  how  the  estimated  distortion  tolerance  of  an  engine  varies  with  the 
degree  of  coupling  and  how  the  perception  of  the  critical  component  alters.  Results 
agree  well  with  engine  test  results  from  ground  and  flight  tests.  Figure  16  show  how  the 
estimated  and  measured  fan- inner  total-pressure  distortion  attenuation  varies  for 
uncoupled  (rig)  and  coupled  (engine)  conditions,  (Ref  9) . 

The  theoretical  assessment  of  the  interspool  flow-field  in  the  vane-free  gap  case 
utilised  the  Rolls-Royce  LINEAR  A  and  LINEAR  B  two-dimensional  (x,  0  )  codes  developed  in 
conjunction  with  Cambridge  University.  The  A  and  B  codes  use  overall-compressor  actuator 
discs  and  blade  row  semi -actuator  discs,  respectively.  The  flow-fields  are  regarded  as 
linear.  this  assumption  is  discussed  in  Ref  8.  Essentially,  its  validity  lies  in  the 
fact  that  velocity  perturbations  associated  with  the  relatively  large-extent 
total-pressure  distortions  of  interest  are  such  that  quadratic  terms  are  much  smaller 
than  first-order  terms  so  that  they  have  little  effect  on  the  flow-field. 


The  static-pressure  distortion  induced  in  a  vaneless  interspool  gap  can  be  expressed  in 


terms  of  the  gap  geometry  ast- 


This  static-pressure  distortion  ratio  is  independent  of  the  compressor  opersting 
conditions. 


A  Spool  Coupling  Number  (CN)  ranging  between  a  value  of  aero  for  no  coupling  to  1.0  for 
collets  coupling  can  be  defined  to  quantify  the  extent  of  the  interaction  in  terms  of 
geosMtry  and  compressor  operating  conditions.  This  may  be  extended  to  the  caee  of  vaned 
interspool  gaps,  (Ref  19). 


The  stability  calculation  usas  an  adaptation  of  the  2CLL  model  developed  for 
fixed-throttle  or  transiently-matched  multispool  compression  systems  that  provides  for 
spool  coupling  by  means  of  the  coupling  factor.  The  code  (PCFCN)  assumes  constant  static 
pressure  at  HP  compressor  axit.  It  calculates  the  AIP  distortion  required  to  cause 
surge,  spool  surge-margin  utilisation  and  the  critical  casq>reasion  system  component. 


A  good  approximation  to  the  A  PM  sensitivity  relationship  with  total -pressure 
attenuation  factor  for  circwferential  distortion  is  given  by i 
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The  circumferential  distortion  intensity  is  defined  in  Figure  3. 

Results  from  the  isolated  2CLL  and  PCPCN  codes  are  shown  in  Figure  17,  illustrating  the 
approximation  and  the  effect  of  spool  coupling  in  reducing  LP  compressor  attenuation  and 
sensitivity. 

At  present,  predictions  are  based  on  the  assumption  that  the  interspool  gap  (vaned  or 
unvaried)  is  a  high  H/T  annulus  at  approximately  constant  mean  radius.  Further 
developments  of  the  coupling  methodology  are  required  to  include  radial  terms, 
particularly  for  swan-neck  inter-ducts  with  swirling  flow  where  different  types  of  flow 
disturbance  are  highly  coupled  and  inherently  three-dimensional,  Ref  20. 


2.3  PLWUHRVK  BISTORTICM 


planar  Wave  or  "In-Phase"  pressure  disturbances  represent  time  changes  of  average 
total-pressure  or  intake  recovery  at  the  AIP.  Waveforms  can  be  deterministic  -  ramps, 
spikes,  periodic  (sinusoidal,  Fourier)  or  statistically  random.  Computer  models  for 
estimating  compression  system  and  engine  response  are  well  developed  for  deterministic 
problems,  appropriate  models  depending  on  the  frequency  range  of  interest. 

Compressor  models  utilising  defined,  matched  operating  lines  and  unsteady  mass,  momentum 
and  energy  or  entropy  conservation  equations  applied  on  a  stage-by-stage  basis  enable 
compressor  sensitivities  to  planar  waves  to  be  quantified  over  a  wide  range  of 
disturbance  frequency.  Figure  18  shows  typical  outputs  for  a  sinusoidal  disturbance  for 
a  seven-stage  HP  compressor  from  both  the  Rolls-Royce  COSMOS  lumped- volume  stage  model 
and  LINEAR  B  code  in  the  frequency  range  0  to  40  Hz.  Compressor  sensitivity  is  presented 
as  APRS  per  unit  half-amplitude  of  the  inlet  total-pressure  wave.  The  loss  of  surge 
line  for  a  10%  amplitude  sinusoid  at  30  Hz  is  2.5%.  Compressor  rematch  due  to  engine 
control  system  response  needs  to  be  taken  into  account  up  to  5  or  10  Hz,  or  so.  At  low 
frequency,  circa  10  Hz,  the  operating  pressure  ratio  excursion  is  small,  as  illustrated 
in  Figure  19.  This  reflects  the  fact  that  the  wavelength  of  the  axial-flow  disturbance 
at  this  frequency  is  large  in  relation  to  compressor  length.  The  computer  models  provide 
response  estimates  up  to  about  1KHZ  when  sensitivity  continues  to  increase  due  to  the 
increased  tendency  for  compressor  exit  pressure  to  remain  constant,  (Refs  21  to  25) . 

Turbulence-induced  changes  in  AIP  average  total-pressure  are  random  and  in  conventional 
compatibility  analyses  are  judged  to  be  sufficiently  small  to  be  neglected  within  the 
uncertainty  of  the  assessment.  In  highly  turbulent  conditions,  characteristic  of  intake 
separated  flow  or  shockwave  instability  in  supersonic  intakes,  pressure  amplitudes  are 
not  small  and  a  methodology  for  accounting  for  the  distortion  needs  to  be  developed.  In 
practical  installations  the  planar-wave  distortion  is  accompanied  by  time-variant  spatial 
distortion  so  that  the  total  compatibility  problem  becomes  complex.  No  state-of-the-art 
consensus  method  yet  exists  for  dealing  with  it.  When  spatial  distortion  levels  are 
small  and  the  planar-wave  frequency  range  low,  it  is  plausible  to  consider  treating  the 
problem  on  the  basis  that  the  in-phase  component  changes  the  operating  line  and  the 
spatial  component  changes  the  surge  line  on  an  uncoupled  basis,  using  superposition  to 
sum  the  effects.  When  distortion  levels  are  high,  difficulties  arise  due  to  the  need  to 
account  for  the  phase  relationship  between  operating  line  and  surge  line  excursions.  The 
magnitude  of  the  difficulty  may  be  judged  from  Figure  20,  representative  of  the  analysis 
of  Ref  26,  where  randem  changes  in  surge  and  operating  pressure  ratio  are  modelled  as 
functions  of  time.  Surge  margin  remaining  is  represented  by  the  difference  between  the 
upper  (surge)  pressure  ratio  and  lower  (op  line)  pressure  ratio.  The  key  feature  of  the 
result  is  the  need  for  correct  phasing  to  account  for  surge. 

Engine  and  compressor  facilities  for  enabling  tests  with  AIP  planar  total-pressure  waves 
to  be  carried  out  have  been  established  using  arrays  of  prograamted  forwards- facing 
air jets  (Example,  Ref  27)  or  a  system  of  rotating  and  stationary  perforated  disks 
(Example,  Ref  28) .  In  conducting  planar  wave  experimental  research  it  is  important  to 
ensure  that  the  test  assemblies  do  not  produce  spatial  distortion. 

The  s  16  Committee  of  the  SAE  is  engaged  in  reviewing  the  planar  wave/spatial 
total-pressure  distortion  problem  and  methodology. 

3  .  OTHER  FORMS  OF  DISTORT  I  CM 

Total-pressure  distortion  is  not  the  sole  form  of  intake  distortion  that  adversely 
affects  engine  behaviour.  Other  forms  can  be  equally  or  more  important,  alone  or  in 
combination  with  total-pressure  distortion.  It  is  important  at  the  outset  of  a  new 
project  to  identify  all  forms  of  relevant  distortion  to  decide  what  needs  to  be 
incorporated  into  performance,  stability  and  aeromechanical  assessments. 

3.1  SWIRL 


S- shaped  intakes  with  flow  curvature  can  produce  swirl  at  the  AIP,  usually  of  the 
solid-body  type,  due  to  secondary  flow  generated  as  a  consequence  of  flow  separation  at 
intake  entry.  The  imbalance  between  stream  momentum  in  the  total -pressure-defect  region 
and  the  radial  static -pres sure  gradient  needed  to  support  radial  equilibrium  causes 
transverse  flow  which  develops  into  swirl.  The  combination  of  swirl,  acting  in  the  fan 


) 
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contra-rotational  sens*,  and  circumferential  total -pressure  distortion  can  fos  some 
engine  designs  promote  loss  of  stability,  as  reported  in  AGARD-CP-324  (Paper  20). 
Figure  21  illustrates  the  loss  of  stability,  expressed  in  teres  of  loss  of  final  nozzle 
operating  range.  Theoretical  analysis  of  the  flow  through  multistage  LP  compressors  on  a 
two-dimensional,  stage-by-stage  basis  shows  that  total -pressure  attenuation  is  changed 
due  to  contra  rwirl  -  largely  because  of  changes  in  first-stage  loading. 

Experimental  research  on  swirl  generation  in  highly-curved  intakes  and  on  multistage  fan 
response  is  under  way.  Figure  22  shows  a  schematic  of  an  Intake  model  being  researched 
in  the  low-speed  wind  tunnel  st  Rolle-hoyce.  The  model,  adapted  from  that  described  in 
References  29  to  32,  is  S- shaped  in  plan  view  and  has  provision  for  the  insertion  of 
parallel  extension  pieces  between  front  and  rear  bends.  Instrumsntation  consists  of 
pitots,  wall  statics  and  yawmsters  at  the  planes  indicated.  Results  from  the  tests 
(Pigure  23)  show  that  vary  severe  solid-body  bulk  swirl  up  to  24*  or  more  is  gsnerated  at 
the  AIP  when  the  intake  is  operated  at  high  incidence  -  causing  lip  separation  and 
total -pressure  distortion  (DC (60)}  growth.  These  results  conflxm  those  reported  in 
References  33  and  34  for  the  Tornado  intake,  where  the  severity  of  the  swirl  was  much 
less.  An  important  feature  of  the  results  is  the  large  improvement  in  the  swirl 
characteristics  effected  by  s  side-wall  fence,  (Pigure  22).  similar  results  were 
obtained  with  a  cowl-lip  fence.  Such  fences  are  highly  effective  -  ss  first  discovered 
during  the  testing  reported  in  the  above  references.  An  unexpected  result  is  the  large 
reduction  in  DC (60)  produced  by  the  fence,  due  to  enhanced  mixing  within  the  duct.  this 
finding  has  important  design  implications  for  military  intakes  intended  to  operate  at 
high  incidence.  It  would  appear  that  duct  fences  located  near  the  front  of  the  intake 
can  provide  an  alternative  to  Intake  shielding  measures  and  hence  a  prospect  for  greater 
design  flexibility  as  to  intake  location. 

3.2  STATIC-PRESSURE  DISTORTION 

Another  form  of  curvature-related  distortion,  termed  "static-pressure  distortion"  arises 
when  the  flow  field  is  highly-curved  at  the  MP.  Such  distortion  can  arise  in 
essentially  isentropic  conditions.  Pigure  24  presents  isobars  derived  from  stream-static 
and  wall-static  measurements  in  one  half  of  a  short,  bifurcated  intake,  where 
total -pres sure  distortion  was  very  low.  Engine  performance  can  be  adversely  affected,  as 
illustrated  in  Pigure  25  where  thrust  changes  are  expressed  in  terms  of  a  static-pressure 
distortion  parameter  defined  as  a  (max -min)  pressure  coefficient.  The  figure  shows  that 
thrust  gains  of  approximately  34  can  be  achieved  in  constant  corrected-speed  operation 
and  of  6%  at  constant  jet-pipe  temperature  by  eliminating  the  distortion.  This  may  be 
achieved  by  null,  straight  extensions  of  the  intake  duct  immediately  ahead  of  the  engine 
face.  Engine-response  analysis  shows  that  the  mechanism  of  the  engine  performance  loss 
consists  of  a  loss  of  corrected  airflow  at  constant  speed  together  with  a  loss  of  engine 
core  efficiency  that  contributes  to  the  increase  in  engine  jet-pipe  temperature .  These 
effects  can  be  correlated  to  provide  a  general  prediction  of  engine  performance 
sensitivity  using  core-  and  overall-AlP  static-pressure-distortion  indices  similar  to 
that  illustrated  in  Pigure  25.  The  resulting  correlations  apply  to  duct  modifications 
where  static-pressure  distortion  is  reduced  through  duct  wall -curvature  changes  without 
Increase  in  duct  length,  as  reported  in  Reference  35. 

3.3  TEMPERATURE  DISTORTION 

The  work  previously  reported  in  AGAKD  Lecture  8eries  LS  72  and,  in  CP  324,  appears  still 
to  be  s  fair  sumary  of  the  broad  aspects  of  engine  response  to  temperature  distortion. 
Developments  that  have  taken  place  have  encompassed  better  computer  modelling  (Refs  21, 
36,  37  and  38)  but  little  progress  has  bean  made  as  regards  the  technology  for  treating 
practical  AIP  distortion  problems.  It  is  anticipated  that  the  UK/US  intergovernment  MOU 
on  ASTOVL  aircraft  will  provide  increased  incentive  for  work  in  this  arse. 

In  the  UK,  full-scale  work  on  hot-gas  reingestion  aspects  of  ASTOVL  using  an  early 
Pegaaua  engine,  with  plenum  chamber  burning  (PCB) ,  installed  in  a  Harrier  airframe  is 
being  carried  out  by  Rolls-Royce  under  Ministry -of -Defence  sponsorship.  The  arrangement 
at  the  test  site  st  Shoeburyness  (Pigure  26)  provides  for  defining  hot-gas  reingestion 
(HGR)  characteristics  in  terms  of  AIP  mean  temperature  rise  and  time-variant  spatial 
distortion  in  dynamic  landing  manoeuvres.  Anti -HGR  configurations  are  investigated  and 
engine  tolerance  to  temperature  distortion  is  being  evaluated.  An  important  objective  of 
the  work  is  the  acquisition  of  data  to  help  establish  model  HGR  scaling  laws.  The  first 
phase  of  testing  with  a  low-pressure -ratio  Pegasus  2A  engine  was  completed  in 
December  1984.  Planning  for  tests  with  s  higher  pressure  ratio  Pegasus  11  engine  is  in 
hand. 

Preliminary  results  from  the  Pegasus  2A  programme  Indicate,  not  unexpectedly,  that  engine 
distortion  response  depends  both  on  the  time -rate -of -change  of  intake  mean  total 
temperature  as  well  as  spatial  distortion.  In  this  (aspect  the  nature  of  the  AIP 
temperature  distortion  problem  is  somewhat  different  to  that  of  pressure  distortion. 
Mean  temperature  rise  rates  lie  in  the  range  300  to  600*C  per  second  with  maximum  local 
rates  being  in  the  range  1000  to  1500*C  per  second.  Engine  entry  temperature  increases 
of  up  to  150"C  can  occur  transiently  with  maximum  local  temperature  rises  being  about 
200"C. 


Temperature  distortion  in  terms  of  the  TCU20)  parameter  typically  ranges  from  5%  to  10% 
transiently  close  to  the  ground  in  the  absence  of  ant i -HGR  measures.  A  typical  intake 
totai”tai,lP*ratur®  distortion  pattern  during  landing,  occurring  after  0.25  seconds  from 


HGR  onset,  at  a  front-nozzle  PCB  temperature  of  1000*K  is  shown  in  Figure  27.  The  engine 
was  surge  free. 

Figure  28  presents  a  correlation  of  tesqierature  distortion  at  surge  onset  deduced  from 
the  results  of  Ref  39  and  40  for  the  TF  30-P-3  engine.  The  curves  derive  from  tests 
where  temperature  distortion  was  simulated  by  hydrogen  burners  programmed  to  provide 
temperature  ramps  at  various  rates  from  300  to  10,000*C/aec  in  spatial  sectors  of  90*, 
180° ,  270*  and  360*  extent.  They  show  values  of  allowable  spatial  temperature 
distortion,  expressed  as  TC(8  rit> »  for  threshold  values  of  mean  temperature  rise  rate  at 
the  surge  limit.  A  preliminary  result  for  the  Pegasus  is  super imposed .  Further  work  is 
required  to  identify  distortion  descriptors  and  a  viable  methodology  for  quantifying  loss 
of  engine  stability. 

The  S  16  Coemiittee  of  the  SAE  is  currently  engaged  in  studying  AIP  total-temperature 
distortion  to  determine  whether  sufficient  information  exists  to  warrant  formulating 
guidelines  to  a  methodology  for  spatial  distortion.  Distortion  elements  analogous  to 
those  for  total-pressure  distortion  (Section  2.1)  could  in  principle  form  a  basis  for 
constructing  APRS-related  descriptors. 


Assessments  of  the  effects  of  distortion  on  engine  performance  and  stability  take  various 
forma  according  to  the  perceived  severity  of  the  problem.  They  evolve  through  the  engine 
design  and  development  process  -  predefinition,  preliminary  design,  development, 
qualification  and  flight  test,  as  more  information  becomes  available  and  the 
lntake/engine  compatibility  issues  mature.  A  consensus  methodology  is  fully  described  m 
SAE  Report  AIR  1419  for  total -pres sure  distortion.  This  is  consistent  with  SAE  Aerospace 
Standard  AS  681C  and  Recommended  Practice  ARP  1257  applicable  to  gas  turbine  steady-state 
and  transient  performance  computer  decks  (Refs  41  and  42) . 


The  effect  of  distortion  on  performance  is  calculated  on  a  steady-state  or  time -averaged 
basis  and  is  minimal  at  important  aircraft  operational  conditions.  Its  assessment  forms 
part  of  the  wider  evaluation  of  installed  engine  performance  and  is  conducted,  as 
necessary,  after  a  clean-flow  assessment  at  a  specific  flight  condition.  Clean-flow 
assessments  include  the  effect  of  flight  condition,  power  offtake,  bleed  and  intake 
recovery  at  the  engine  operating  point. 

Distortion  assessment  procedures  consist  of  complementary  synthesis  and  component /engine 
test  analysis  activities.  Initial  estimates  for  turbofans  may  use  intake  split-flow 
(core/bypass)  recovery  factors  as  inputs  to  the  engine  performance  deck.  Assessment 
appropriate  to  the  engine  development  phase  utilise  distortion  data  from  rig  component 
tests  and  from  engine  bench  and  altitude  cell  tests  with  distortion  screens.  Various 
synthesis  procedures  use  fan  and  HP  compressor  distorted-flow  performance  characteristics 
or  flow  and  efficiency  "deltas"  as  inputs  into  main  deck  or  auxiliary  programs  that  yield 
thrust,  fuel  consumption  and  airflow,  or  changes  in  these  quantities  from  clean-flow 
performance,  as  outputs. 

Assessments  should  include  engine  component  rematch  stemming  from  the  effect  of 
distortion  on  local  control  sensors  in  the  engine  gas  path. 

Performance  changes  due  to  signal  errors  can  be  large.  Figure  29  shows  results  obtained 
from  a  turbofan  bench  test  with  an  intake  total-pressure  distortion  pattern  simulated  by 
means  of  a  rotable  screen.  The  engine  was  controlled  by  a  local  HP  turbine  entry 
temperature  sensor.  Performance  gains  or  losses  occurred  due  to  engine  rotational  speed 
changes:  overspeed  when  the  temperature  sensor  (T)  was  located  circa  180°,  resulting  in  a 
performance  gainr  underspeed  with  the  sensor  at  360“,  resulting  in  a  performance  loss. 
These  results  reflect  the  fact  that  the  sensor  locations  corresponded  respectively  to  low 
and  high  temperature  regions  of  the  temperature  distortion  pattern  generated  at  turbine 
entry  due  to  the  attenuation  of  total-pressure  distortion  through  the  compression  system. 


The  major  intake/engine  compatibility  concern  continues  to  be  engine  distortion  tolerance 
in  the  context  of  surge  avoidance.  As  a  result,  significant  progress  has  been  made  in 
developing  better  stability  assessment  procedures  with  improved  accounting  for  the 
destabilising  effects  of  total -pressure  distortion.  Intake  compatibility  considerations 
can  with  sure  confidence  be  included  in  the  specification  of  design  requirements,  notably 
those  for  LP  and  HP  compressors  (geometry,  surge  margin)  and  the  engine  control  system, 
earlier  in  the  propulsion  system  design  process.  An  important  aspect  of  this  process  has 
been  the  increased  emphasis  on  collaboration  between  airframer  engine  manufacturer  and 
procurement  agencies  throughout  all  phases  of  the  evolution. 

Stability  assessments  are  complex  and  "not  amenable  to  standardised  cookbook  treatment" 
(Ref  5) .  The  magnitude  of  the  assessment  task  depends  on  the  anticipated  severity  of  the 
compatibility  problem  and  the  particular  objectives  appropriate  to  the  development 
prograsne.  The  determination  of  distortion  effects  forma  part  of  an  engine  overall 
stability  audit (s),  (Figure  30).  Hie  clean-flow  assessment  accounts  the  effects  on 
compressor  operating  and  surge  lines  of  relevant  engine  control  functions,  geometry. 
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power  offtake,  bleed  and  Reynolds  Number  in  fixed  and  variable -throttle  (handling) 
operation.  Intake-recovery  effects  are  included  and  allowances  for  estimated  engine 
clearances,  variable -geometry  and  control  scatter,  engine-to-engxne  variations  and 
in-service  deterioration  are  included,  as  appropriate.  Steady-state  and  transient 
performance  decks  are  used  to  determine  matched  operating  points.  The  distortion 
assessment  evaluates  LP  and  HP  compressor  sensitivities,  distortion  transfer,  spool 
coupling,  and  control  implications.  The  overall  stability  audit  uses  the  results  of  both 
clean  and  distorted- flow  assessments  to  provide  estimates  of  engine  distortion  tolerance, 
net  stability  margin,  the  critical  compression-system  component,  the  aircraft  operating 
risk  and  the  need  for  any  design  action. 

An  example  of  an  assessment  output  -  engine  distortion  tolerance  expressed  as  an  AIP 
distortion  parameter  for  an  installed  HP  compressor,  is  shown  in  Figure  31.  The 
permissible  level  of  distortion  for  HPC  surge  avoidance  is  expressed  in  terms  of  Reynolds 
Number  Index  (RUT)  for  various  engine  corrected- flows  and  fixed  power-of ftake  and  bleed. 
The  curves  may  be  used  with  the  distortion  characteristics  appropriate  to  the  engine 
installation  to  evaluate  fixed- throttle  intake/engine  compatibility  throughout  the  flight 
and  manoeuvre  envelopes  of  the  aircraft. 


annsncM.  : 


An  important  development  has  been  the  growth  in  the  recognition  of  the  statistical  nature 
of  the  surge  limit.  Some  of  the  destabilising  factors  referred  to  in  Section  4.2  are 
random  or  have  random  components.  To  sum  their  effects  arithmetically  would  lead  to 
unrealistically  high  assessments  of  surge  margin  utilisation  and  surge  margin 
requirements.  Statistical  considerations  apply  to  both  operating  and  surge  lines  of  the 
compressors.  Factors  such  as  engine-to-engine  build  scatter,  control  tolerances,  and 
variable-stator  setting  tolerances  can  be  regarded  as  essentially  random,  in  some  cases 
with  a  load  bias.  In-service  stability  margin  deterioration  can  have  both  a  non-random 
and  random  aspect.  Figure  32  presents  an  example  of  HP  compressor  operating  line  scatter 
derived  from  bench  calibrations  of  76  engines  from  a  production  batch.  A  total  of 
approximately  400  test  points  covering  a  range  of  speeds  forms  the  statistical 
population.  The  two-sigma  value  of  the  pressure  ratio  scatter  is  1.4%.  Figure  33  shows 
that  the  pressure-ratio  APD  at  constant  corrected  flow  is  Gaussian. 

Figure  34  presents  an  illustrative  example  of  a  basic  stability  breakdown  for  an  HP 
compressor  operating  at  a  fixed-throttle  setting  and  flight  condition.  Assigned  random 
and  non-random  factors  are  tabulated.  The  non-random  factors  are  sunmed  arithmetically 
to  yield  a  16.8%  surge  margin  utilisation  and  the  random  effects  are  root -sum- squared  to 
yield  a  ±3.6%  variation.  The  extreme  requirement  is  24.7%.  If  the  available  surge 
margin  at  this  condition  were  25%  then  the  probability  of  surge  would  be  zero.  If  the 
surge  margin  available  were  20.4%  there  would  be  a  risk  that  surge  margin  would  be  low  by 
4.3%  giving  a  surge  probability  of  about  0.2%,  or  one  engine  in  530,  for  this  extreme 
case. 


Statistical  analysis  provides  a  realistic  approach  to  surge  margin  budgeting,  accounting 
for  the  fact  that  the  worst  combination  of  all  destabilising  factors  is  rare.  It 
supplies  management  with  a  tool  to  examine  whether  design  action  is  warranted. 


The  above  point-stability  assessment  is  capable  of  considerable  extension,  beyond  that 
appropriate  to  intake/engine  compatibility,  to  projecting  surge  risk  during  a  specified 
mission  or  over  the  whole  of  the  flight  and  manoeuvre  envelopes.  Surge  risk  can  be 
assessed  as  a  rate,  eg,  number  of  surges  per  1,000  aircraft  flying  hours.  In-flight 
shut-down  rate  is  another  criterion. 

By  estimating  the  frequencies  or  proportions  of  time  in  a  defined  portion  of  the  flight 
envelope,  in  manoeuvre,  at  a  rated  power  setting  or  handling  -  dry  or  reheat,  etc,  the 
cumulative  probability  of  encountering  surge  and  hence  the  aircraft  operational 
effectiveness  can  be  estimated.  Much  work  is  needed  to  define  appropriate  statistical 
methods,  provide  reliable  operational  data  and  establish  the  statistical  distributions  of 
pertinent  factors.  Prerequisite  is  the  need  for  a  high  degree  of  collaboration  among  all 
parties  concerned. 

The  S16  committee  of  SAE  is  exploring  this  wide  -  ranging  issue. 

S.  OGKUDDIK  MattWB 

This  paper  has  attempted  a  review  of  some  of  the  key  developments  that  have  taken  place 
in  the  last  ten  years  or  so  in  our  understanding  of  engine  response  to  intake  flow 
distortion  and  in  methods  for  dealing  with  the  problem.  It  has  emphasised  engineering 
aspects  of  inlet/engine  compatibility,  focusing  on  practical  methods  for  quantifying 
engine  response  rather  than  on  academic  research  aspects. 

Good  progress  has  been  made  since  AGARD  Lecture  Series  72  on  distortion-induced  engine 
instability.  The  challenge  for  the  future  is  considerable,  encompassing  the  need  for: 

o  Extensions  of  methods  to  new  compact,  high-duty  compression  systems  for  use  in  future 
high-capability  aircraft. 

o  Analytical  and  economic  computer  methods  that  provide  general  insight  as  well  as 
ad-hoc  maaerical  solutions. 


o  The  development  of  improved  instability  criteria. 

o  Increased  emphasis  on  forms  of  AIP  distortion  other  than  spatial  total-pressure 
distortion  ;  temperature  distortion,  swirl  and  static-pressure  distortion, 
planar-wave  distortion;  alone  and  in  combination  with  spatial  total-pressure 
distortion. 

o  Development  of  the  statistical  aspects  of  stability  accounting  procedures. 

Though  not  directly  an  AIP  distortion-response  concern  this  review  would  be  incomplete  if 
it  did  not  mention  the  very  important  developments  that  have  occurred  in  the  modelling  of 
post-instability  engine  behaviour  (Refs  43  to  40) . 

The  major  task  is  the  identification  of  conditions  under  which  engines  will  "stagnate", 
"hang-up"  or  "lock-in"  following  stall.  This  important  design  and  operational  issue  is 
still  not  well  understood.  The  establishment  of  a  method  for  predicting  the  chance  of 
encountering  stagnation  stall  would  appear  to  form  a  natural  extension  of  the  statistical 
analyses  of  Section  4.3  and  the  formulation,  prospectively,  of  design,  control  and 
operational  strategies  for  dealing  with  it. 
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FIGURE  6  DISTORTION  PARAMETER  DEFINITION  AND  CORRELATION  (EXAMPLE) 
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FIGURE  7  COMPARISON  OF  MEASURED  AND  PREDICTED  LOSS  OF  COMPRESSOR  PRESSURE  RATIO 
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FIGURE  9  MULTISTAGE  FAN  RESPONSE 
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FIGURE  12  PREDICTED  AND  EXPERIMENTAL  CRITICAL  SECTOR  ANGLES 


FIGURE  13  EXPERIMENTAL  AND  THEORETICAL  LOSS  IN  STALL  PRESSURE  RATIO  AS  A 
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FIGURE  16  FAN  TOTAL  -  PRESSURE  DISTORTION  TRANSFER 
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FIGURE  17  LP  COMPRESSOR  SENS I VITY/ ATTENUATION  RELATIONSHIP 
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FIGURE  18  COMPRESSOR  RESPONSE  IN  INTAKE  TOTAL-PRESSURE  PLANAR  WAVES 
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FIGURE  19  COMPRESSOR  RESPONSE  TO  I NLET  PRESSURE  PLANAR  WAVES 
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FIGURE  22  S-DUCT  INTAKE  RESEARCH  MODEL 
INTAKE  MASS  FLOW  RATIO  »  0.9 


MEAN 

TIP 

SWIRL 

<“) 

18  V 


o  L 

STEADY 
STATE 
DC  (60) 
o.4  r 

0*3  r 


0.2 


0.1 


MEAN 

SWIRL 

<°> 

24  r 


18 


0 


HUB 


BASIC 


COWL 

FENCE 


SIDE 

FENCE 


_ I 

RADIUS  TIP 

RATIO 


i  —  - - J 

15  INTAKE  INCIDENCE  (°)  30 


FIGURE  23  S-DUCT  INTAKE  MODEL  TYPICAL  RESULTS 
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FIGURE  24  AIP  VARIATION  OF  STATIC  PRESSURE 


FIGURE  25  EFFECT  OF  STATIC  PRESSURE  DISTORTION  ON  ENGINE  THRUST 
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FIGURE  26  PEGASUS  2A/HARRIER  AT  SHOEBURYNESS 
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FIGURE  28  ENGINE  TEMPERATURE  DISTORTION  TOLERANCE  -  EXAMPLE 
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FIGURE  29  TURBOFAN  ENGINE  PERFORMANCE  -  SCREEN  POSITION  EFFECT 
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HP  COMPRESSOR 

FIXED  OPERATING  POINT 


DESTABILISING  FACTOR 

NON-RANDOM 

EFFECT 

RANDOM 

EFFECT 

OPERATING  LINE 

•  INLET  DISTORTION 

0 

0 

•  REYNOLDS  NUMBER 

-4.4% 

0 

•  ENGINE* TO -ENGINE  SCATTER 

0 

±1.4% 

•  CONTROL  TOLERANCES 

0 

±2% 

•  DETERIORATION 

-1.5% 

±1.5% 

•  POWER  OFF-TAKE 

-3.6% 

0 

•  BLEED 

+5.2% 

0 

SURGE  LINE 

•  REYNOLDS  NUMBER 

-4.7% 

0 

•  INLET  DISTORTION 

-6.8% 

0 

•  ENGINE -TO -ENGINE  SCATTER 

0 

±2.0% 

•  DETERIORATION 

-1.0% 

±1.0% 

TOTAL  SURGE  MARGIN  UTILISED 

-16.8% 

±3.6%  (RSS1 

FIGURE  34  STABILITY  ASSESSMENT  BREAKDOWN 


DISCUSSION 


Ph.Rftjnette,  Fr 

In  Figure  8,  how  do  you  explain  the  fact  that  the  cruise-simulator  stall  line  is  higher  on  the  compressor  map  than  the 
clean-flow  stall  line? 

Author’s  Reply: 

The  test  result  applies  to  the  effect  of  a  tip-low  total-pressure  distortion  on  a  low  hub-tip-ratio  multistage  compressor 
design  that  has  excess  work  capacity  at  the  tip.  Radial  equilibrium  is  affected  and  span-wise  changes  in  deviation  occur. 
This  results  in  an  improved  surge  line. 
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RESUME 


Pour  attelndre  les  qualities  de  manoeuvre  demandees  aux  avlons  mllltalres  modernes,  les  turboreacteurs 
dotvent  pouvolr  fonctlonner  avec  une  entrSe  d'alr  prAsentant  d'Importantes  dlstorslons  spatto- 
temporelles.  Oans  ce  domalne,  les  objectlfs  prlnclpaux  du  concepteur  de  compresseurs  sont 
1 '{valuation,  thforlque  ou  experlmentale,  de  la  marge  au  dicrochage  necessalre  et  1 'attenuation  de  la 
sensibility  des  compresseurs  aux  dlstorslons  de  1 'ecoulement.  la  premiere  partle  de  1  'expose  decrlt 
les  methodes  de  calculs  theorlques  utlllsees-  Ces  methodes  necessltent  la  connalssance  des  pertes  de 
presslon  et  des  deviations  des  proflls  fonctlonnant  a  forte  Incidence.  La  seconde  partle  tralte  des 
experiences  destlnees  a  vallder  les  methodes  de  calcul  ou  a  demontrer  la  compatibility  entree 
d'alr-moteur  :  essals  en  vol ,  essals  en  soufflerle,  creation  de  dlstorslons  non  statlonnalres  sur  banc 
d'essals  au  sol.  La  trolsieme  partle  decrlt  les  Impacts  de  ces  etudes  sur  la  conception  des 
compresseurs. 


NOTATIONS 


Variables 

a  :  V*  /Vx 

A  :  Section  de  passage  d'un  canal  Inter-aubes 

c  :  Corde  d'une  aube 

E  :  Energle  total e  par  unite  de  volume 

I  :  Rothalple 

My  :  Nombre  de  Mach  absolu 

Mw  :  Nombre  de  Mach  relatlf 

Pj  :  Presslon  statlque 

Pj  :  Presslon  total e  absolue 

P*  :  Presslon  totale  relative 

r  :  Constante  masslque  des  gaz  parfalts 
R  :  Rayon 

s  :  Absclsse  curvlllgne  sur  une  llgne  de  courant 
t  :  Temps 

Ts  :  Temperature  statlque 
Tt  :  Temperature  totale 

U  :  Vitesse  d'entrafnement 

V  :  Vitesse  absolue 
U  :  Vitesse  relative 
x  :  Coordonnee  axlale 
P  :  Direction  relative 

V  :  Rapport  des  chaleurs  speclflques 
ASM  Variation  de  marge  au  diterochage 

f  :  Incl Inal  son  merldlenne  des  tubes  de  courant 
Br  :  Coefficient  de  pertes 
7t  :  Rapport  de  presslon  totale  du  compresseur 
Jt  S  :  Valeur  de  K  au  decrochage 
p  Masse  volumlque 

3  Temps  rAdult  ou  constante  de  temps 

Si  ;  Vitesse  de  rotation 

Les  autres  variables  sont  deflnles  dans  le  texte. 


Indices  ou  symboles 


c 

e 

h 

r 

s 

X 

& 

X 

X' 


x 


:  Relatlf  au  carter 
•.  Relatlf  a  l'entree  de  la  grille 
:  Relatlf  au  moyeu 
:  Relatlf  a  la  direction  radiale 
:  Relatlf  i  la  sortie  de  la  grille 
:  Relatlf  a  la  direction  axlale 
t  Relatlf  a  la  direction  tangentlelle 
:  Valeur  moyenne  de  X 
:  Perturbation  de  X 
:  X'/X 


AX  :  Variation  de  X 

Xgff  :  Valeur  efflcace  de  X 

XC„  :  Coefficient  de  cos  n»  dans  la  serle 
de  Fourier  de  X 


xSn  :  Coefficient  de  sin  nd-dans  la  serle 
de  Fourier  de  X 

Xss  :  Valeur  moyenne  statlonnalre  de  X 
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1  -  INTRODUCTION 


Les  avlons  de  combat  modernes  dot  vent  ivoluer  S  des  Incidences  et  a  des  dirapages  de  plus  en  plus 
ilevis.  Les  avfons  de  transport  dofvent  it  re  capable;  d'effectuer  leur  service  dans  des  conditions 
mitiorologlques  de  plus  en  plus  dlfflclles,  notanoent  en  presence  de  forts  vents  de  travers.  Blen 
que  les  entries  d'alr  de  tous  les  types  d'avlons  solent  sans  cesse  amillories  d'un  point  de  vue 
airodynaml que ,  1'icoulement  de  1‘alr  s'en  trouve  perturbi  par  des  dicollements  non  statlonnalres. 
Dans  ces  conditions,  les  compresseurs  sont  allmentis  par  un  flux  hitirogine  prisentant 
d’lmportantes  dlstorslons  spatlales  et  temporelles. 

La  prlnclpale  consiquence  de  cette  mauvafse  alimentation  est  une  perte  sensible  de  marge  au  dicro- 
chage  des  compresseurs.  Cette  perte  represente  environ  70  %  de  1 'abalssement  de  la  llgne  de  dicro- 
chage  qul  se  prodult,  toutes  causes  confondues,  dans  les  cas  de  fonctlonnement  les  plus  critiques 
des  compresseurs  basse  presslon.  On  observe  en  outre  une  diminution  du  debit  aspire  par  les 
compresseurs.  Dans  ce  domalne,  les  trols  prlnclpaux  objectlfs  du  motorlste  sont  les  sulvants  : 

(a)  -  dimont  reravant  les  essals  en  vol ,  la  compatibility  du  moteur  avec  une  entrie  d'alr  donnie, 

(b)  -  pridlre  au  mleux,  par  1e  calcul,  les  effets  d'une  dlstorslon  amont  pour  pouvolr  optlmlser  la 

conception  des  moteurs  et  ivaluer  notamnent  la  marge  au  dicrochage  strlctement  nicessalre 
sur  les  compresseurs  basse  et  haute  presslon, 

(c)  -  attinuer,  des  le  stade  du  projet,  la  sensibility  des  compresseurs  aux  perturbations  de 

1  'entrie  d'alr. 

Ces  problemes  ont  fait  1‘objet  de  tris  nombreuses  etudes  chez  les  constructeurs  de  turboriacteurs. 
En  ce  qul  concerne  les  travaux  de  la  SNECMA,  11  se  sont  Intensifies  depuls  1979  (Rif  1,  2  et  3). 
Nous  allons  d'abord  dicrlre  les  mithodes  de  calcul  thiorlques  utlllsees.  La  premiere  est  une  mi- 
thode  slmpllflie.  Le  compresseur  est  dlvlsi  en  plusleurs  secteurs  ou  sont  appliques  des  calculs 
monodl mensl onnel s  ;  1 'amont  et  l'aval  itant  traltes  par  un  calcul  bldlmenslonnel  llniarlse.  En 
revanche,  la  mithode  plus  complete  resoud  les  equations  d 'Euler  de  1'icoulement  trldl mensl onnel  et 
non  permanent.  La  seconde  partle  tralte  des  expirlences  destinies  i  valid er  les  mithodes  de  calcul 
ou  a  dimontrer  la  compatlblllte  entrie  d'alr-moteur.  Enfln,  la  trolslime  partle  dicrlt  les  Impacts 
que  ces  itudes  ont  eu  ces  dernleres  annees  sur  la  conception  des  moteurs  d'avlons. 


2  -  HETHOOES  OE  CALCUL 

2.1.  METHOOES  OES  SECTEURS  OE  COMPRESSEUR  EN  PARALLELE 


2.1.1.  Description  de  la  mithode 

Ces  mithodes  ont  iti  les  premieres  diveloppees  et  ont  iti  sans  cesse  perfectlonnies 
(Ref.  4).  La  velne  du  systeme  de  compression  est  dlvlsie  en  4  zones  (Fig.  1). 

Dans  la  zone  A  et  B  on  resoud  les  equations  de  1'ecoulement  bldlmenslonnel  (x,  o-  )  et 
statlonnalre  de  flulde  parfalt 


■  V»  _  0  Eq.  de  continuity 

I  bi  R.  W  +rS©7 


(1)  J  +Va.iVx 

N  ‘a  a-  R 


-  < 

_  4  ~ZP* 

fR-ae- 


Eq.  de  quantlte  de  mouvement  projetEe 
sur  k 


Ea 


le  quantltE  de  mouvement  projetEe 
& 


R  est  le  rqyon  constant  du  tube  de  courant  moyen  qul  est  supposE  cyllndrlque.  Ces  Equa¬ 
tions  sont  llnearlsees  en  admettant  que  les  perturbations  dues  2  la  dlstorslon  clrcon- 
fErentlelle  sont  petltes  devant  les  valeurs  moyennEes  sulvant  O'.  Les  pertubatlons  par 
rapport  a  la  solution  sans  dlstorslon  sont  notees  par  le  s^ole  {  ' )  et  on  Introdult 
les  variables  rEdul tes  sulvantes  : 


..  ^  =  y»„ 

Vx  "Vx 


5 


Ps 

C(Vx%^) 


Sulvant  Mokelke  (Rif.  5),  on  suppose  que  1'icoulement  de  cheque  filet  flulde  est  Isen- 


troplque  et,  en  utlllsant  1 'equation  d'itat  du  gaz  Ps 
peuvent  s'icrlre  : 


r.  Ts,  les  iquatlons  (1) 


\ 


+  1  .2** 

^ X- 

R-  3* 

,  a 

lix. 

R.  *©- 

.  a  .^v®. 

R.  ©- 

= 


■ft 


_ lA 
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ou  a 


et  ou  M  est  le  nombre  de  Mach  moyen 
Vx 


La  solution  du  systEme  (2)  est  recherchEe  sous  forme  de  series  de  Fourier  ;  par  exem- 
ple  Vx  *  Z.  ».*?  [Vx  (x).  Co5  iv +Wfc(x).  -U*  ovffl  .  La  solution  peut  done 

Et  re  caracterlsee,  pour  chaque  harmonique  n,  par  les  B  fonctions  (  If*,  Vx  ,17J  ,V& , 

t  t  %  )  qul  sont  respectlvement  les  coefficients  des  series  de  Fourier 

«vjv#<  /pr  (perturbation  de  presslon  totale)  et  tj  (perturbation  de  temperature 
totale).  La  resolution  du  systeme  (2)  donne  une  expression  analytlque  pour  cheque 
fonctlon.  Chaque  expression  alnsl  trouvEe  est  une  fonctlon  de  x,  de  n  et  de  8  constan- 
tes  qul  dolvent  etre  flxees  pour  satlsfalre  aux  conditions  11ml tes. 

Dans  la  zone  A,  l'annulatlon  des  perturbations  a  l'lnfini  amont  ne  lalsse  subsister 
que  2n  coeffl cents.  On  suppose  que  la  dlstorslon  de  presslon  et  de  temperature  est 
engendrEe,  a  une  distance  donnEe  du  compresseur,  par  un  dlsposltlf  au  travers  duquel 
Ilya  continuity  du  champ  des  vltesses.  Ce  dlsposltlf.  par  exemple  un  Ecran,  est  done 
caracterlse  par  la  seule  donnEe  de  la  dlstorslon  de  presslon  totale  et  de  temperature 
totale  qu'11  Impose. 

Dans  la  zone  B,  les  considerations  physiques  qul  vlennent  d'etre  faltes  permettent 
d'Ecrlre  8n  relations  d'oO  on  dedult  les  8n  constantes  qul  flxent  la  solution. 
En  effet,  la  connalssance  de  py  donne  2n  relations,  celle  de  tj  donne  2n  relations  et 
la  continuity  de  Vx  et  de  V©-  a  travers  le  gEnerateur  de  dlstorslon  fournit  4n 
relations.  Finalement,  le  champ  des  vltesses  dans  les  zones  A  et  B  ne  depend  que  des  2n 
constantes  qul  determinalent  l'Ecoulement  de  la  zone  A.  II  est  plus  pratique  de  se 
fixer  les  2n  coefficients  de  la  serle  de  Fourier  deVx  dans  le  plan  d'entree  du  com- 
presseur  (plan  3),  solt  La  connaissance  de  la  perturbation Vx  dans  le 

plan  3  fixe  done  la  solution  dans  tout  1  'espace  amont  et  en  partlculler  fournit  la 
perturbation  dans  le  plan  3.  Le  fonctlonnement  de  chaque  secteur  du  compresseur 
peut  des  lors  etre  calculi. 

Le  compresseur  (zone  C)  est  dlvlse  en  plusieurs  secteurs  que  Ton  suppose  fonctlonner 
1 ndEpendamment  les  uns  des  autres.  Les  performances  de  chaque  secteur  sont  obtenues 
par  un  calcul  monodlmenslonnel  classlque  sur  la  llgne  moyenne.  En  partlculler,  1 'angle 
relatlf  du  flux  a  la  sortie  de  chaque  aubage,  $s,  et  le  coefficient  de  pertes.QT  , 
sont  des  fonctions  connues  des  conditions  aErodynamlques  a  1 'entrEe  de  1 'aubage, 

?%  •  On  peut  alnsl  prendre  en  compte  le  caractere  non 

InEaire  du  fonctlonnement  du  compresseur.  A  ce  stade  du  calcul,  la  pression  statique 
3  la  sortie  du  compresseur,  Ps^,  est  connue  sur  chaque  secteur. 

Lorsque  le  systeme  de  compression  ne  comporte  pas  de  diffuseur  de  sortie,  les  pertur¬ 
bations  de  vltesse  axlale  a  1 ‘entree  du  compresseur,  VX3,  sont  ajustEes  1  teratl vement 
j usqu ' a  obtenlr  l'annulatlon  de  la  perturbation  de  presslon  statique  a  la  sortie, 
ps4  3  0.  SI  le  systeme  de  compression  comporte  un  diffuseur  de  sortie,  l'Ecoulement 
dans  la  zone  D  est  asslmlle  3  celul  d'un  diffuseur  plan  Equivalent  (Ref.  6)  dans  le- 
quel  on  rEsoud  les  equations  llneaires  de  1'ecoulement  statlonnalre  Incompressible.  Le 
processus  Iteratlf  de  correction  de  1)^3  est  alors  utlllsE  pour  satlsfalre  a 
l'annulatlon  de  la  perturbation  de  pression  statique  3  la  sortie  du  diffuseur,  ps5  =  0. 

La  modEllsatlon  est  amElloree  par  la  prise  en  compte  des  effets  Instationnalres  dus 
aux  mouvements  des  rotors  a  travers  la  dlstorslon  statlonnalre. 


Nous  avons  utilise  1 'analyse  d<  Mellck  (Ref.  7).  Par  analogle  avec  un  profll  IsolE,  on 
admet  que  la  Grille  d'aubes  se  comporte  comme  si  elle  Etalt  attaquee  par  un  Ecoulement 
de  direction  v«eff,  dlfferente  de  la  direction  rEelle  InstantanEe  Cela  permet  de 
tenlr  compte  du  temps  de  rEponse  des  phEnomEnes  vlsqueux.  On  peut  slmuler  cet  effet 
par  1 'Equation  sulvante  :  _ 

(3) 

ouTJ  est  le  temps  rEdult  des  constantes  expErlmentales. 


la  perturbation 
00 


est  representEe  par  la  serle  de  Fourier  sulvante 


^e.  +aL  [a^  ooi  m,9’+bh  nv9] 


$ 

F( 


la  solution  de  Viquatlon  (3)  est  alors 
dUv  -f- 1| 


=  *Zt  r(<»-fc)|a>.cas['ne-.  4/(nvfc|  a.  ^  £^9  +  l|)  (*1)]  l 

V  w.  '  « 


\j  hj  +  \j  fcj  (2n.Ll>0  X  We. 


En  admettant  que  les  perturbations  d'lnddence  sont  petltes,  on  peut  en  didulre  la 
correction  tnstatlonnalre  i  apporter  au  rapport  de  presslon  de  chaque  secteur  : 

JCtPf  -jg  ~  zjfe 
%  -  Tt  fie-  -fl 

L'a«pl1  tude  du  cycle  Instatlonnalre  dicrit  par  le  point  reprisentatlf  dans  le  champ 
compresseur  (Fig.  2)  se  trouve  done  attinuee  et  son  allure  peut  itre  diformie.  Bans  la 
pratique,  cet  effet  est  calculi  en  ne  falsant  Intervenlr  que  la  corde  de  la  premlire 
roue  mobile. 


/ 
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Enfin,  dans  le  compresseur  (zone  C),  les  rotors  sont  allmentes  par  du  flulde  presen- 
tant  des  variations  temporelles  de  temperature  et  de  presslon  totales  relatives.  Les 
effets  instatlonnaires  qul  en  r£sultent  sont  approches  en  schSmatlsant  l'Scoulement 
monodlmenslonnel  dans  le  canal  Inter-aube  du  rotor  par  1 ’equation  sulvante  (R§f.  4); 


vj  _  4 

"5F  TT  'f  TT 

Cette  Squatlon  permet  en  parti culler  de 
connaltre  les  corrections  de  presslon 
total e  relative  i  apporter  aux  abaques 
de  performances  statlonnalres  des  prof 1  Is. 


0Q  k=  [  A  0  .  ds  se  dedult  de  la  gSometrle 
J0  A(s) 
des  aubes. 


2.1.2.  Applications 


Les  figures  3a,  3b  et  3c  montrent  les  resultats  obtenus  par  1 'application  de  la  metho- 
de  des  secteurs  de  compresseurs  en  parallele  a  un  compresseur  BP  a  3  etages  6qu1pe 
d'une  ROE  et  fonctlonnant  a  85  %  du  regime  de  rotation  nominal.  On  constate  une  forte 
attenuation  de  la  dlstorsion  de  presslon  totale  ;  le  coefficient  Mp=  (1^  «.*.)/PT 

est  dlvlse  par  3  a  la  sortie  du  compresseur.  S1multan£ment  11  appiralt  une  distorsion 
de  temperature  totale  mesuree  par  le  coefficient  Hy  =  (Trt««x-TT  • 

En  ce  qul  concerne  la  perte  de  marge  au  decrochage,  la  figure  4  montre  le  cycle  de 
fonctlonnement  forme  par  l ’ensemble  des  secteurs.  On  constate  que  les  effets 
d' incidence  fluctuante  (m§thode  de  Melick)  applatlssent  le  cycle  et  procurent  un  tres 
leger  gain  de  marge  au  decrochage. 


Les  effets  non  statlonnalres  dus  a  la  fluctuation  des  presslons  et  temperatures  tota¬ 
les  relatives  a  l'amont  des  rotors  elarglssent  le  cycle  de  fonctlonnement  sans  avoir 
d’effet  notable  sur  la  marge  au  decrochage. 


Les  applications  numSrlques  se  font  en  general  en  dlvlsant  le  compresseur  en  18  sec¬ 
teurs  et  en  utlllsant  20  harmonlques  pour  la  description  sulvante.  Les  temps  de  cal- 
cul  sur  ordinateur  sont  tres  courts  et  permettent  l'etude  de  nombreuses  varlantes- 


2.2.  METHOPE  OE  CALCUL  PE  L’ECOULEMENT  TRIDIMENSIONNEL  ET  NON  STATIONNAIRE 


2.2.1.  Description  sommaire  de  la  mSthode 

La  methode  utlllsee  est  celle  d^veloppee  par  MM.  Laval  et  Billet  de  1 'ONERA  (Ref.  8). 
L'Scoulement  trldlmenslonnel ,  compressible,  non  statlonnaire  et  heterogene  est  obtenu 
en  n§solvant  les  Equations  d'Euler  completes  dans  les  espaces  llbres  d'aubages.  Ce 
calcul  est  couplS  avec  un  modele  simple  representant  les  rotors  et  les  stators. 

Ce  modele  de  grilles  d'aubes  est  constrult  a  l'aide  des  principales  hypotheses  sulvan- 
tes  : 

-  1 'evolution  radiale  des  surfaces  de  courant  est  Imposee  et  provlent  d’un  calcul 
ax1$ym£tr1que  statlonnaire  Vr  *  Vx.tg  <pss  (R,  x) 

-  les  coefficients  de  pertes  non  statlonnalres  alnsl  que  la  direction  relative  de 
sortie  sont  gouvernees  par  des  Equations  de  retard  faisant  Intervenir  des  constan- 
tes  de  temps  {5®  et  ?>£s 

+  dr  -  SJ"  ss 
dfc 

+  ^ 

les  variables  IndlcJes  ss  caracterlsent  les  perforaances  des  aubes  en  ecoulement 
statlonnaire  et  sont  des  fonctlons  supposSes  connues  des  conditions  d'entrSe  de 
l'aubage,  notamment  de  la  direction  amont  p  j  et  du  nombre  de  Mach  relatlf  amont 

-  Le  pas  de  l'aubage  est  petit  devant  la  longueur  d'onde  spatiale  de  ia  dlstorsion. 

Les  hypotbises  pricJdentes  permettent  d'expllclter  slmplement  3  relations  IntJgrales 
(conservation  de  la  masse,  quantiti  de  mouvement  et  Snergle)  qul  gouvernent  le  fonc¬ 
tlonnement  d'un  canal  inter-aubes- 

Oans  les  doaalnes  de  calcul  llbres  d'aubage,  on  effectue  la  transformation  de 
coordonnies  sulvante  qul  permet  d'obtenlr  un  domalne  de  calcul  para11{l{p1pfcdlque 

ft  .  w  .  -  R  -  *h 

*«(*)  -  **h(x) 


Les  equations  d'Euler  peuvent  alors  s'ecrire  sous  la  forme  conservative  suivante  : 

(4)  ,  ~>r(Y)  (Y,*^)  ^  0 

St  ^oc.  'Sq-  S  ft* 

>  R 

r  ,  P  R-V«. 

Y  ■=  RIv(tc.)J.  ^  f?.  ^VliAvn.  0-  4-V&-  coiS^ 

£  R  -Ve-Mn<&) 

L  E  R 

£  =  — —  +  _i_  p.v2  est  I'energle  totale  par  unite  de  volume. 

tf-  1  2  ' 

Ce  systeme  d'equatlons  est  resolu  par  un  schema  aux  differences  finies,  explicite  et 
du  2eme  ordre.  II  s'agit  d'un  schema  de  des integration  qui  est  le  produit  de  plusieurs 
operateurs  monodlmensionnels.  Cette  technique  permet  d'obtenlr  une  condition  de  stabi¬ 
lity  lineal  re  qui  penalise  le  pas  de  temps  du  calcul  d'une  fagon  moindre  qu'une  dis¬ 
cretisation  dlrecte  de  1 'operateur  trldlmenslonnel . 

2.2.2.  Applications 

Nous  presentons  un  calcul  fait  sur  un  compresseur  basse  presslon  a  3  etages  avec  RDE. 
Le  maill age  utilise  est  forme  de  93  lignes  dans  la  direction  x,  41  llgnes  dans  la  di¬ 
rection  &et  de  11  llgnes  dans  la  direction  R.  Le  temps  de  calcul  est  de  1 'ordre  de  45 
minutes  sur  Vordinateur  CRAY-1.  Les  figures  5a,  5b,  et  5c  representent  les  cartes  de 
presslon  totale  dans  les  >-ans  amont  compresseur,  aval  rotor  1  et  aval  rotor  2.  Comme 
prevu,  on  remarque  que,  dans  la  zone  de  moyeu  a  1 ‘aval  de  la  RM1,  la  distorsion  est 
beaucoup  mol  ns  attenuee  qu’a  la  tete.  On  note  un  accord  qual  1 tatl  vement  satisfaisant 
entre  les  calculs  trldimensionnels  et  les  resultats  d'essais  presentes  par  les  figures 
12a,  12b  et  12c.  Un  des  prlncipaux  interets  de  ce  calcul  est  de  fournlr  les  conditions 
de  fonctlonnement  (angle  de  1  'ecoulement  et  nombre  de  Mach  amont)  de  chaque  profll 
d'aube. 

2.3.  METHODE  DE  PREDICTION  DE  LA  STABILITE  DES  COMPRESSEURS  ALIMENTES  PAR  UN  ECOULEMENT  HOMOGENE 


La  prediction  de  la  llmite  de  stability  des  compresseurs  alimentes  par  un  flux  homogene  est 
un  prealable  necessalre  aux  etudes  speclflques  sur  la  distorsion.  Cel  a  apparaft,  par  exemple, 
dans  la  methode  decrite  au  paragraph  2.1.  D1  verses  methodes  de  stability  lineaire  ont  ete  de- 
veloppees  (Ref.  9,  10  et  11).  Nous  allons  decrlre  brievement  une  methode  de  calcul  qui  mod#- 
llse  le  comportement  du  fluide  sur  une  nappe  de  courant  en  tenant  compte  des  effets  non 
statlonnalres  dus  aux  volumes  de  chaque  rangee  d'aubes  et  aux  distances  qui  les  separent 
(Ref.  12). 

2.3.1.  Description  sownalre  de  la  methode 

Le  compresseur  est  divise  en  plusieurs  modules.  Les  rangees  d'aubes  alnsi  que  les  es- 
paces  qui  les  separent  constituent  chacun  un  module.  Les  principales  hypotheses  neces- 
saires  sont  les  sulvantes  : 

-  ecoulement  axl symetrique 

-  nappes  de  courant  tronconiques  reperees  par  le  parametre  geometrlque  X  (Fig.  6) 

-  vltesse  radlale  negllgeable 

-  ecoulement  adlabatlque 

-  perte  et  angle  de  sortie  des  aubes  en  fonctlonnement  stationnalre  donnys  comme 
fonctlons  des  conditions  d'entrye. 

Chaque  point  d'espace  est  repere  par  les  deux  coordonnyes  x  et  X 

R  ■  Re  -f  A*  A  Re  +■  ^Rs  -  Re  +  A^ARs-  AR*)j 

La  figure  6  dyflnlt  les  notations  employyes. 

-* 

Les  yquatlons  de  continuity,  de  quantity  de  mouvement  projetee  sur  W  et  d'ynergie  sont 
integrees  sur  le  volume  dyiimite  par  deux  tubes  de  courant  Inflnlment  volslns  respec- 
tlvement  repyrys  par  X  etA-fd/tfFIg.  6).  On  obtient  les  3  equations  sulvantes  : 

isl  U 

(g)  (  r  Ie.-Ts  ((juonHhi  d«- m«vv»m«nt  projetet.  Sue  V/) 

<»  toft  f«*  *-*>]!.  = 
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auxquelles  on  adjoint  les  deux  equations  supplemental  res  sulvantes  : 


(a)  En  fonctionnement  stationnai re,  1 'angle  de  sortie  est  suppose  etre  une  fonction 
connue  des  conditions  d'entree.  On  adopte  une  lol  du  type  tg  b^ -tg  ^e  +  b2 
ou  bi  et  sont  des  constantes  donnees. 

En  fonctionnement  non  stationnai re,  on  peut  alors  ecrlre  la  relation  suivante  : 


(8) 


f  S±.L At 

J*t  w  "bt  \W*/  Wn«-t 

Dans  les  modules  depourvus  d'aube,  (8)  est  remplacee  par 
mouvement  projete  sur 


1 'equation  de  quantite  de 


bis)  I 
JU 


(8  bis)  I  JL.^L.cli 

L  V  at 


=  R.e.Vet  _RS.V©S 


(b)  En  dehors  des  rangees  d'aubes,  les  tubes  de  courant  sont  supposes  Isentropiques. 
Pour  traiter  les  ranaees  c^'aubes  nous  supposerons  connu  le  coefficient  de  pertes 
stationnaires  Fw  -  Prs  en  fonction  des  conditions  d'entree  de  l'aubage. 

~  ~  P 

On  peut  alors  ecrireT'equation  suivante  qui  gourverne  1 'accroi ssement  d'entropie. 


(9) 


ou 


.  ft,. Log  (i.a  . 

b5=  (u 

\  2-Cp-Tri.  J 


Les  5  Equations  (5),  (6),  (7),  (8)  ou  (8  bis),  (9)  sont  ensuite  linearisees  par  rap¬ 
port  a  l'etat  staticnnalre  et  forment  le  systeme  suivant  : 

ou  f  =(^<t,Vxc,V»t,T«,Sc,^s,V%S(V»$,Ts,  Ss) 

et  ou  [H]  et  [P]  sont  des  matrices  10  x  10. 


Si  le  compresseur  se  compose  de  n  modules,  on  arrive  a  un  systeme  de  5  n  equations 
scalalres  reliant  les  5n  +  5  composantes  du  vecteur  0.  En  effet,  les  modules  etant  re¬ 
lies  en  serie,  (^e)j  +  i  «  (fs)j,  (Vxe)j  ♦  1  3  (V*s)j,  etc...,  j  etant  le  rang  du 
module.  Le  nombre  initial  d'inconnues  est  done  divise  par  deux,  sauf  pour  le  premier 
ou  le  dernier  module.  A  1 'entree  du  premier  module  on  impose  la  stationnari te  des  con¬ 
ditions  generatrices  et  de  la  composante  tangentielle  de  la  vi tesse  fiR'l  fiTr)  /3V»\ 

'TT>-  v5t7c*\Tt")t  0 

La  sortie  du  dernier  module  est  une  vanne  definie  par  s a  caract§ri stique  quasi- 
statlonnai re.  Ces  conditions  aux  llmites  fournissent  les  5  relations  manquantes. 

D'apres  le  theoreme  de  Lyapunov,  on  peut  dire  que  la  limite  de  stability  du  systeme 
reel  est  la  meme  que  celle  du  systeme  linearise.  Les  instabilites  apparaissent  done 
quand  la  partie  reelTe  d'au  moins  une  des  valeurs  propres  de  la  matrice  [M]'\ [P]  de- 
vient  positive.  Des  qu'une  nappe  de  courant  devient  instable,  on  dit  qu'il  y  a  insta¬ 
bility  de  fonctionnement  du  compresseur.  Cette  methode  ne  peut  pas  differencier  le 
decrochage  total  du  decrochage  tournant  partiel. 

2.3.2.  Applications 

La  figure  7  montre  les  resultats  de  1 'appl 1  cation  du  code  de  calcul  pr£cydemment  de- 
crlt  a  un  compresseur  basse  presslon  a  3  etages.  On  constate  que  1 ‘accord  entre  le  de- 
crochage  mesur£  et  le  decrochaqe  calcule  est  relativement  satisfalsant.  Blen  entendu 
la  prevision  de  la  limite  de  decrochage  est  fortement  dependante  de  la  precision  avec 
laquelle  est  restitue  le  champ  stationnai re.  Les  ameliorations  envlsagees  portent  sur 
1 '1 ntroduction  d'une  equation  d'^quillbre  radial  non  statlonnalre  dans  le  systeme 
d 'equations  utlllsees. 

METHODE S  EXPERIMENT ALES 

3.1.  CARACTERISATIONS  DES  DISTORTIONS  NON  STATIONNAIRES 


Pour  assurer  la  compatlbll 1 te  entree  d'air-moteur,  11  est  necessaire  de  connaftre  les  distor- 
slons  auxquelles  sera  soumls  le  turboreacteur.  A  tltre  de  verification  finale,  ou  blen  s'il 
s'agit  d'un  progranwe  d'avlon  experimental,  11  peut  etre  envisage  de  mesurer  ces  distorsions 
au  cours  d'essai s  en  vol.  II  s’agit  alors  d'operations  couteuses  par  suite  des  conditions 
difflclles  de  mlse  en  oeuvre  (probieme  de  security,  probieme  d'acqulsi tlon  h  grande  cadence  a 
partlr  d'un  avion  de  chasse,  etc...).  Toutefols  ces  methodes  d'experlmentation  different  peu 
de  cel les  employees  au  cours  des  essals  des  maquettes  d'entree  d'air  en  soufflerle. 
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te  but  principal  est  Vetabl issement  de  cartes  instantanees  de  pression  totale  dans  un  plan 
situe  le  plus  pres  possible  de  1 'entree  du  compresseur  basse  pression.  Ce  plan  est  equipe  de 
8  peignes  circonferentiellement  £qui repartis,  chacun  comportant  5  prises  plac£es  au  centre  de 
5  anneaux  flctlfs  d'egales  sections.  Chaque  prise  fournlt  la  pression  totale  moyenne  et  est 
equlpee  d'un  capteur  a  court  temps  de  reponse  qui  donne  la  composante  fluctuante  de  la  pres¬ 
sion  totale.  Les  slgnaux  sont  prealablement  flltres  a  une  frequence  proportlonnel le  a  la  vl- 
tesse  de  rotation  du  compresseur  BP.  Le  syst&me  d 'acquisition  et  de  traltement  (Fig.  8  et  Ref 
13)  est  entlerement  numerlque.  le  depouillement  est  realist  a  1'alde  d'un  processeur  vecto- 
rlel  AP1208  associe  a  un  ordlnateur  HP  1000.  Cette  chatne,  placee  sur  une  plate-forme  mobile, 
peut  traiter  64  voies  synchronises  a  une  frequence  d'^chantil  lonnage  maximale  de  16  kHz.  En 
temps  reel,  elle  est  capable  de  tracer  la  carte  statlonnalre  et  d'afflcher  les  maxlmums  de 
plusieurs  coefficients  de  distorsion  instantanee  (K  &  ,  Kajy,  IOC,  IOR,  ...).  En  temps 
diff ere,  des  depoui 1 lements  plus  complexes,  tels  que  carte  de  turbulence,  carte  de  pression 
totale  Instantanee  ou  etude  de  differents  flltrages  peuvent  etre  effectuees.  La  fig.  9  donne 
Un  apergu  des  reSUltatS  qu'll  est  possible  d'obtenlr.  Cptle  fhajfir  rl’Arqijisit  ion  et  de  TraiU*- 
ment  de  1 '  Instationnaire  (C.A.T.I.)  a  dtd  entierement  congue  -t  realise**  par  la  ‘AllMA. 

3.2.  CREATION  DE  DISTORSIONS  NON  STATIONNAIRES  SUR  8AMC  D'ESSAIS  OE  COMPRESSEUR 


Un  moyen  simple  de  creer  des  dlstorsions  non  statlonnalres  est  de  crier  des  Blanches  d'entrees 
non  axlsymetriques.  Certains  secteurs,  semblables  a  des  pavilions  classlques,  n'engendrent 
pas  de  perte  de  pression  totale.  D'autres  secteurs  prisentent  des  aretes  vlves,  des  dlffu- 
seurs  locaux  ou  tout  autre  forme  qui  provoque  des  decol lements  plus  ou  mol  ns  Intenses.  Ces 
disposl tit's  sont  en  general  mis  au  point  a  petite  echelle  dans  une  soufflerle.  On  recherche 
d'abord  a  reprodulre  la  carte  statlonnalre  de  pression  totale.  On  vdrlfle  ensulte,  a  une 
echelle  si  possible  plus  grande,  que  les  coefficients  maxlmaux  de  la  distorsion  Instantanee 
sont  proches  des  valeurs  souhaltees  (Ref.  14  et  15).  Les  figures  10a,  10b  et  10c  representent 
un  disposl tlf  qui  a  deja  ete  monte  devant  un  compresseur  en  essals.  On  note  que  la  distorsion 
statlonnalre  mesuree  est  tres  voisine  de  celle  qui  avalt  ete  relevee  au  cours  d'essais  en 
soufflerle  sur  une  maquette  d'entree  d'alr.  De  tels  dlsposltlfs  permettent  en  outre  d'obtenlr 
des  dlstorsions  dont  la  composante  statlonnalre  est  superleure  a  celle  que  1 'on  obtient  par 
les  techniques  classlques  des  ecrans  a  permeabilite  variable- 

3.3.  ESSA1S  DE  COMPRESSEURS  OU  DE  MQTEURS  COMPLETS 

Au  cours  des  essais  de  compresseursal imentes  par  un  dlsposltlf  creant  de  la  distorsion,  le 
plan  amont  est  equipe  des  peignes  de  mesure  decrits  au  paragraphe  3.1.  II  est  alors  possible 
de  relier  la  perte  de  marge  au  decrochage  mesuree  a  un  coefficient  caracteristlque  de  la  dis¬ 
torsion  instantanee  maximale  (Fig.  11).  Si  les  essals  sont  sufflsamment  nombreux,  la  recher¬ 
che  de  bonnes  correlations  peut  faire  intervenlr  une  fonctlon  de  plusieurs  variables 
caracterlsant  la  distorsion  et  peut  necessiter  une  etude  fine  du  flltrage  a  effectuer. 

Ces  essals  permettent  en  general  de  mesurer  les  cartes  de  plusieurs  variables  aerodynamiques 
(pression  totale,  temperature  totale,  angle  absolu,  etc...)  dans  les  plans  situes  entre  les 
rangees  d'aubes.  Les  figures  12a,  12b  et  12c  montrent  1 'evolution  de  la  distorsion  de  pres¬ 
sion  totale  au  travers  d'un  compresseur  basse  pression  a  3  etages. 

4  -  IMPACTS  DES  ETUDES  SUR  LA  CQNCEPTIUN  OZS  COMPRESSEURS  BASSE  PRESSION 

4.1.  ROUE  D 1 RECTR ICE  D'ENTREE  A  L' AMONT  DU  COMPRESSEUR 

Les  resultats  experimentaux  (Fig.  13)  montrent  qu'un  compresseur  muni  d'une  roue  directrice 
d’entree  est  moins  sensible  a  la  distorsion  circonferentielle  qu'un  compresseur  qui  en  est 
depourvu.  Le  calage  variable  accroTt  l'effet  beneflque  de  la  roue  directrice  d'entree  aux 
falbles  vitesses  de  rotation  du  compresseur.  Les  etudes  theoriques  faites  avec  la  methode  des 
compresseurs  en  parallele  montrent  que,  en  annulant  les  perturbations  circonferentlelles  in- 
dultes  de  la  vltesse  tangentielle,  la  roue  directrice  d'entree  redult  beaucoup  1 'etendue  du 
cycle  decrit  par  le  point  representatl f  des  differents  secteurs  du  compresseur  (Fig.  14). 
Dans  cette  etude  theorlque  la  sensibllite  du  compresseur,  exprlmee  par  ASM/K*-  ,  passe  de 
0,28  a  0,18  par  l'adjonction  d'une  roue  directrice  d'entree  n'induisant  pas  de  circulation 
moyenne. 

On  peut  done  dire  qu'une  roue  directrice  d'entree  a  3  effets  benefiques  sur  le  fonctlonnement 
des  compresseurs  basse  pression  : 

-  elle  realise  I'adaptation  radlale  du  degre  de  reaction  du  premier  etage  au  point  de 
dessin, 

-  lorsqu'elle  est  a  calage  variable,  elle  permet  de  rSadapter  le  compresseur  aux  vitesses 
de  rotation  reduite.  Cel  a  procure  un  Important  gain  de  marge  au  decrochage, 

-  en  supprlmant  les  perturbations  clrconferentiel les  Indultes  de  la  vltesse  tangentielle, 
elle  dlmlnue  la  sensibility  du  compresseur  a  la  distorsion  amont. 

4.2.  INFLUENCE  DES  ALLONGE ME NTS  DES  AUBES 

Les  resultats  experimentaux  (Tableau  1)  montrent  que  l'augmentation  des  cordes  (diminution 
des  al longements)  a  pas  relatlf  fixe  (diminution  du  nombre  d'aubes)  procure  un  gain  de  marge 
au  decrochage. 
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Type  de  compresseur 

Effet  de  1 'allongement  sur 
la  marge  gu  pompage 

6  n  s/  a  (h/ci 

Soufflante  (1  ytage) 

0.046 

Compresseur  BP  (3  ytages) 

0.072 

Compresseur  3  8  ytages 

0.30 

TABLEAU  1 

Influence  de  l'allongement  moyen  sur  la  marge  au  dycrochage 


Les  rlsultats  thyorlques  fournls  par  la  mythode  des  compresseurs  en  parallele  (Fig.  15)  mon- 
trent  que  les  effets  non  stationnalres  resultant  de  1 'augmentation  des  cordes  sont 
beneflques.  La  sensibility  a  la  dlstorslon  dlmlnue  lorsque  les  cordes  augmentent.  L'adoptlon 
de  grandes  cordes  pour  le  premier  ou  les  deux  premiers  ytages  pourralt  falre  gagner  environ  IX 
de  marge  au  dycrochage,  unlquement  par  1 'effet  de  molndre  sensibility  a  la  dlstorslon 
clrconferentlelle.  Nous  ne  possedons  pas  de  rysultats  expyrlmentaux  pour  confirmer  1 'effet 
des  cordes  sur  la  sensibility  a  la  dlstorslon  amont. 

4.3.  INFLUENCE  DE  L*  ESPACEMENT  DES  RAMGEES  D'AUBES 

En  ce  qul  concerne  la  sensibility  a  la  dlstorslon,  nous  ne  possedons  pas  de  resultas  expyrl¬ 
mentaux  sur  l'lnfluence  de  Vespacement  des  ranches  d'aubes.  L'approche  thyorlque  a  yty  falte 
avec  un  calcul  bldlmenslonnel  qul  est  la  gynlrallsatlon,  a  l'ensenfcle  du  compresseur,  du 
traltement  de  l'espace  amont  expose  au  paragraphe  2.1.1.  Le  cas  d'appllcatlon  retenu  est  un 
compresseur  a  4  etages  et  nous  avons  etudiy  l'lnfluence  de  la  distance  axlale  entre  le  rotor 
et  le  stator  du  premier  ytage  et  ensulte,  l'lnfluence  de  la  distance  axlale  syparant  les 
deux  premiers  etages  (Fig.  16  et  17). 

La  reduction  de  1 ‘espacement  rotor  1  -  stator  1  att6nue  la  perturbation  d'lncldence  sur  les 
aubages  du  premier  ytage  mals  augmente  la  dlstorslon  transmlse  aux  etages  sulvants-  La  r6duc- 
tion  de  1 'espacement  stator  1  -  rotor  2  attenue  les  perturbations  sur  le  deuxiyme  ytage  et 
les  sulvants  mals  les  augmente  sur  le  stator  1. 

Pour  des  raisons  d'encombrement  et  de  polds,  les  compresseurs  sont  souvent  conqus  avec  des 
distances  entre  rangees  d'aubes  cholsles  a  la  valeur  minimum  compatible  avec  les  contralntes 
de  dilatation  des  rotors  et  d'assemblage  de  la  structure.  Les  etudes  ayrodynamlques  sur  la 
dlstorslon  et  la  marge  au  decrochage  fndlquent  que  ce  cholx  est  beneflque  pour  la  stability 
aerodynamlque  du  compresseur.  II  faut  toutefols  Indlquer  que  notre  model e  ne  tlent  pas  compte 
des  fortes  fluctuations  dues  au  defilement  des  slllages. 

4.4.  DISTRIBUTION  DE  LA  CHARGE  AEROOYNAMIQUE  ENTRE  LES  ETAGES 

II  est  yvldent  que  le  premier  ytage  des  compresseurs  basse  presslon  realise  une  grande  parti e 
de  1 'attenuation  de  la  dlstorslon  de  presslon  amont  et  fonctlonne  en  ytant  sounds  aux  plus 
fortes  perturbations  d'lncldence.  Cet  etage  dolt  done  etre  congu  avec  des  charges  ayrodynaml¬ 
ques  qul  ne  solent  pas  trop  elevees,  notamment  dans  la  ryglon  du  moyeu.  Cependant, 
l'obtentlon  d'une  bonne  marge  au  decrochage  aux  vltesses  de  rotation  elevyes  conduit  3  r3du1- 
re  la  charge  aerodynamlque  du  dernier  ytage.  Cela  llmlte  done  les  posslbllltys  de  ryductlon 
de  la  charge  ayrodynamlque  du  premier  etage.  Dans  la  pratique  la  conception  des  compresseurs 
basse  presslon  fait  done  toujours  appel  a  des  compromls  dlfflclles  3  evaluer. 

5  -  CONCLUSION 

Les  methodes  de  calcul,  de  la  plus  simple  (compresseurs  en  parallele)  jusqu'a  la  plus  complexe 
(calcul  tridlmenslonnel  non  statlonnalre)  s'avyrent  utiles  pour  arrlver  a  un  dessln  de  compres¬ 
seur  de  molns  en  molns  sensible  a  la  dlstorslon.  Parallelement,  des  moyens  experlmentaux  ont  yty 
mis  en  oeuvre  pour  reprodulre  des  dlstorslons  fluctuantes  exlstant  dans  les  entr6es  d'alr  d'avlon 
et  dymontrer  alnsl  la  bonne  compatibility  entree  d'al r-moteur.  Pour  cell,  11  a  yty  nycessalre  de 
construlre  des  Instruments  de  mesure  et  d'analyse  destlnys  a  carcterlser  les  cartes  Instantanyes 
des  variables  aerodynaml ques  de  l'ycoulement. 

Ces  ytudes  ont  montry  que  la  presence  d'une  roue  dlrectrlce  d'entrye,  l'adoptlon  d'allongements 
falbles,  la  ryductlon  des  espaces  entre  les  rang3es  d'aubes,  attynuent  la  sensibility  du  compres¬ 
seur  a  la  dlstorslon  de  presslon  totale  et  accrolssent  sa  marge  au  dycrochage. 
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Figure  16:  PERTURBATIONS  D' INCIDENCE  DANS  UN  COMPRESSEUR  A  4  E7AGES 
SOUMIS  A  UNE  DISTORSION  _  EFFET  DE  DISTANCE  RM1  -  RD1 
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SUMMARY 

The  measurement  of  dynamic  pressure  distortion  requires  »ot  iceable  ,*  e  f fort  in  instru¬ 
mentation  and  data  processing.  Considerable-  reductions  in  cost  can  be  achieved  by  simpler 
methods*  -Examples  of  which  **±-11  be  given.  In  addition,  the  relevance  of  dynamic  distortion 
on  intaxe/engine  compatibility  has  been  overestimated  as* will  be  demonstrated  by  the  ex¬ 
perience  gained  from  Tornado  where  swirl  emerged  as  the  decisive  compatibility  parameter. 
Also,  during  the  Airbus  A300/APU  intake  development* swi r 1  turned  out  to  be  an  important 
criterion.  In  conclusion,  it  is  argued  whether,  in  many  cases^ dynamic  distortion  measure¬ 
ments  can  be  avoided  in  favour  of  swirl  measurements  in  combination  with  simplified  meth- 


ods  for 
methods , 

dynamic  distortion  predictions  based 
on  statistical  models. 

on  steady 

state  measurements  and,  in  some 

LIST  OF 

SYMBOLS  AND  ABBREVIATIONS 

AIP 

Aerodynamic  interface  plane 

RMS 

Root  mean  square  value 

APD 

Amplitude  probability  density 

WAT 

Corrected  enqine  mass  flow 

APU 

Auxiliary  power  unit 

V  /V^ 
o  c 

Free  stream  velocity  /  vcloei* 

VAc 

Mass  flow  ratio 

in  compressor  entry  plane 

DC6Q 

Rolls  Royce  pressure  distortion 

q 

Inc  idencre 

coefficient , 

8 

Yaw  ancle 

(  ptAIP  ~  pt60°min  ]  /  qAlP 

> 

Front  /rear  auxiliary  doer  ar.il 

IGV 

Inlet  guide  vanes 

*  J  »  *  : 

First /second  ramp  angle 

M 

Free  stream  Mach  number 

\ 

Subsonic  diffuser  loss  coeffi¬ 

n 

Number  of  Kulites  in  AIP 

cient 

pt 

Total  pressure 

n 

Intake  pressure  very 

pt60°min 

Minimum  of  mean  total  pressures 

c 

Standard  deviation 

in  a  60°  sector  in  AIP 

T 

Circumferential  flow  an:  It? 

PSD 

Power  spectral  density 

T 

Mean  value  of  x  at  constant 

q 

Dynamic  pressure 

radius  tbulk  swirl ) 

1 .  INTRODUCTION 

It  appears  trivial  to  request  that  the  compatibility  of  the  intake  and  t  r.i  >  r.  • 
gine,  especially  of  high  performance  combat  aircraft,  must  be  ensured  under  all  ground 
and  flight  conditions.  Although  this  has  been  well  known,  serious  draw-backs  occurred  in 
the  past  in  many  aircraft  projects  because  decisive  incompatibilities  were  not  detected 
during  development  testing  but  only  in  prototype  flying.  Expensive  post -de'e iopment s  i.e- 
came  then  necessary. 

In  this  context  incompatibility  means  that  the  quality  of  the  intake  fl>w  :  «■:  n-  • 
sufficient  relative  to  the  tolerance  of  the  engine.  This  usually  results  in  a  deqr ada*  i  ^r 
of  the  performance  and  in  a  reduction  cf  the  stall  margin.  Flame-out  may  also  occur  and, 
in  severe  cases,  the  structural  integrity  of  the  compressor  or  the  inlet  may  be  l os* . 

Compatibility  problems  were  encountered  in  the  early  versions  of  the  F-  1  i  1  , 
the  F-1 4 ,  the  MIG  25,  the  Tornado  and  the  Airbus  A300  APU  to  name  lust  a  few  examples. 

It  should  be  noted  that  in  most  cases  these  problems  had  occurred  although  the  specifi¬ 
cations  of  the  engine  manufacturers  had  been  met  accordlnq  to  the  intake  wind  tunnel 
results.  It  may  be  questioned,  therefore,  whether  past  wind  tunnel  tests  were  not  fully 
representative  or  whether  the  compatibiliy  parameters  specified  by  the  enqine  manufactur¬ 
ers  were  not  sufficiently  descriptive  of  the  intake  flow  quality  required  by  t  he l r  engine. 
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As  was  done  in  previous  publications  ( Ref . 1 2  . 1 8 , 1 9 )  this  paper  tries  to  stress 
again,  especially  for  engines  without  inlet  guide  vanes,  the  importance  of  a  more  recent 
compatibility  parameter,  that  is  intake  swirl.  However,  the  main  purpose  of  the  present 
paper  is  to  review  simpler  methods  of  obtaining  time  variant  total  pressure  peak  distor¬ 
tion  values  as  alternatives  to  the  standard  fully  dynamic  measurement.  This  implies 
accepting  slightly  larger  uncertainties  and,  therefore,  increased  safety  margins.  Depend¬ 
ing  on  the  degree  of  simplification  considerable  cost  savings  will  then  be  achieved. 


2.  TOTAL  PRESSURE  DISTORTION  SYNTHESIS  METHODS 

To  avoid  the  time-consuming  and  expensive  measurement  of  dynamic  pressure  distor¬ 
tion,  a  number  of  different  synthesis  methods  have  been  developed  <Borq,  Motycka,  Meli>k, 
et  al.).  All  these  methods  replace  the  measurement,  storage,  and  processing  of  steady-sta* 
and  time  dependent  pressures  of  each  probe  for  calculating  the  required  distortion  coeffi¬ 
cient  from  measured  total  pressure  patterns  by  the  measurement  of  steady- "t ate  pressures 
and  the  RMS-values  of  the  dynamic  component  for  each  probe. 

2.1  General  Description  of  Distortion  Synthesis  Methods 

The  patterns  required  to  calculate  the  distortion  coefficient  are  generated  by 
a  random  number  process:  the  fluctuating  pressure  components  are  assumed  to  have  an 
amplitude  probability  density  (APD)  which  is  normally  distributed.  A  normally  distributed 
random  number  is  generated  for  each  of  the  dynamic  probes.  This  random  number  is  conver¬ 
ted  to  an  equivalent  instantaneous  dynamic  pressure  component  using  the  curve  of  um,la- 
tive  amplitude  probability  density  APD.  The  random  dynamic  components  and  •  fie  steady- s*  at  ,• 
components  for  each  probe  are  superimposed,  thus  generating  a  random  total  press  .re  pa**v: 
for  which  the  required  distortion  coefficient  is  calculated.  This  pr  ■>'•*»*«  ;  s  r*qeat,»<i 
several  hundred  or  thousand  times  for  each  test  point.  The  maximum  distortion  coefficient 
of  these  patterns  is  retained  as  the  relevant  peak  value  of  f  inti'  vai  ian*  Jis*  r»  i  <n.  The 
main  difference  in  the  methods  mentioned  above  is  the  process  of  filtering  the  Jynam; 
pressure  components. 

2.1.1  Distortion  Synthesis  Method  by  Motycka 

The  method  described  by  Motycka  (Ref.1)  requires  *  he  -«-as  rrement  f  the  KWS  i  .  ,e 
of  the  fluctuating  pressure  components  as  a  function  of  their  frequency,  in  add : *  .  n ,  *  he 
power  spectral  density  PSD  for  each  probe  has  to  be  measured.  The  rand-'tr  pressure*  itera¬ 
ted  from  the  cumulative  APD  are  scaled  to  the  PSD  of  the  test  data  by  a  Jjjital  fii*»»r 
before  the  distortion  coefficients  are  calculated. 

2.1.2  Distortion  Synthesis  Method  by  Melick 

Melick  assumes  a  random  distribution  >f  v  rM  us  *■  be  the  reason  for  lynam ; 
distortion.  These  vortices  are  convected  downstream  at  the  local  flow  velocity.  Their 
strength  is  related  to  the  measured  RMS  values,  the  size  of  the  vortices  is  described  r.v 
the  power  spectral  density.  A  comparison  of  unfiitered  and  filtered  RMS  data  proviies  • he 
PSD.  With  the  given  PSD,  the  random  pressures  can  be  filtered  to  the  specific  --ondiM  r.n 
(Ref. 2,3). 

2.1.3  Distortion  Synthesis  Method  by  Borg 

The  Borg  method  (Ref. 4)  assumes  an  equally  distributed  PSD  <whi**»  noise i  However 
the  pressure  fluctuations  can  be  filtered  by  a  low  pass  filter  des  ribing  *  he  *er  *  i  ♦  i  •.*  i  *  y 
of  a  specific  engine  before  being  converted  to  RMS  values.  This  method  has  beer  squired 
by  MBB  in  1902.  It  was  extensively  tested  by  comparison  with  «»xpe r  i men*  1 1  da*  a  .  V  >«  x!  vjr«*e 
ment  was  achieved,  as  will  be  shown  in  this  paper.  Af*  *>r  these  successful  tests,  i*  wan 
introduced  to  project  work  where  it  is  still  applied  regularly  ♦  obtain  R<;  ii  Hr  in! 
General  Electric  distortion  parameters. 

2.1.4  Other  Distortion  Synthesis  Methods 

The  synthesis  method  described  by  Stevens,  Spong ,  and  ol iphant  iRef.^t  is  .**■, 
similar  to  the  Borg  method.  Sedlock's  prediction  method  (Ref.4>  is  also  based  on  random 
pressures.  It  includes  two  digital  filters  to  shape  *  he  random  number  PSD  to  *hat  f  • he 
measured  PSD.  A  'map  averaging*  approach  is  made  to  iag>rove  the  predirM  -.<n  <>f  i n*r  ant  ane-  •, 
total  pressure  patterns.  A  more  detailed  survey  r,  f  the  different  synthesis  me*hf>d»»  is 
given  in  Ref. 6  and  17. 

2.2  Tests  with  Reduced  Dynamic  Inst rvmsent at  l on 

The  use  of  these  distortion  synthesis  methods  allows  a  sign  if  lean*  reduction  : n 
computer  hard-  and  software  for  data  storage  and  processing  durinq  and  after  intake 
An  additional  ststpl  l  f  icat  ion  of  test  equipment  can  be  reached  by  reducing  the  number  f 
dynamic  pressure  transducers  in  the  aerodynamic  interface  plane  AIP.  However,  *  he  t-tal 
preaaure  patterns  for  which  the  required  distortion  coefficients  are  calculated  have  ?. 
generated  on  the  basis  of  the  complete  rake  arrengemen*  if  4G  j->r  )4 I  dynamic  transducers, 
l.e.  an  assumption  has  to  be  made  on  the  distribution  of  *  he  RMS  values  for  the  deleted 
transducers.  The  reason  is  that  for  the  assumption  of  non- correlated  normally  distributed 
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pressure  fluctuations  for  each  transducer  an  increase  in  the  number  of  assumed  transducer 
locations  will  smooth  the  synthesized  patterns  (for  n  approaching  infinity  the  distortion 
coefficient  will  approach  the  steady-state  distortion  level),  while  a  reduction  will  in¬ 
crease  the  roughness  of  the  pattern,  thus  increasing  the  distortion  coefficient.  The  rake 
geometry,  however,  has  to  remain  the  same  as  for  fully  dynamic  measurements  as  an  increase 
in  the  number  of  rake  arms  (for  a  constant  total  number  of  transducers)  will  increase 
steady-state  and  time-variant  DC60. 

A  comparison  has  been  made  to  assess  the  influence  of  a  reduced  dynamic  instru¬ 
mentation  on  the  synthesized  DC60,  compared  with  a  complete  dynamic  instrumentation 
(Ref. 10).  For  this  comparison,  the  Borg  synthesis  method  was  applied.  The  intake  data 
were  measured  on  a  1/7  scale  intake  model  (TKF-18)  with  twin  single  wedge  intakes  with 
variable  cowl  in  an  under- fuselage  position.  Tests  were  made  in  the  DFVLR  Braunschweig 
low  speed  tunnel  at  incidences  between  0  and  45°  and  yaw  angles  between  -15*  and  +15*. 

The  AIP  instrumental. ion  consisted  of  a  rake  with  84  steady-state  total  pressure  probes 
on  7  rings  and  36  dynamic  transducers  on  3  rings.  Before  being  integrated  to  RMS  values, 
the  dynamic  signals  were  filtered  to  a  cut-off  frequency  of  1244  Hz,  equivalent  to  178  Hz 
for  full  scale.  The  instantaneous  distortion  parameter  DC60  was  calculated  from  2000  syn¬ 
thesized  patterns.  Flg.1  and  2  compare  the  synthesized  DC60,  based  on  a  reduced  number  of 
dynamic  transducers^  to  the  equivalent  DC60  synthesized  from  the  complete  instrumentation 
of  36  transducers  on  3  rings  (Ref. 10).  They  show  that  there  is  nearly  no  deterioration 
for  12  transducers,  and  even  a  synthesis  based  on  6  measured  RMS  values  yields  acceptable 
results.  However,  if  only  4  transducers  are  used,  the  difference  increases  significantly. 
In  Fig. 3  (Ref. 14),  the  mean  value  and  the  standard  deviation  of  the  difference  between 
the  synthesized  DC60  for  reduced  instrumentation  and  for  the  complete  instrumentation  with 
16  transducers  are  plotted  vs.  the  number  of  transducers.  For  12  transducers,  for  example, 
the  standard  deviation  in  DC60  is  ♦  0,013  which  is  well  within  the  limits  of  measurement 
accuracy. 


2.3  Extreme  Value  Analysis 

The  extreme  value  analysis  proposed  by  Jacocks  and  Kneile  (Ref. 7)  is  an  addition 
to  any  distortion  synthesis  method.  Its  aim  is  to  reduce  the  observation  time,  i.e.  the 
number  of  patterns  to  be  synthesized.  It  assumes  the  distortion  factors  to  be  random 
variables  and  predicts  the  maximum  whi< h  can  be  reached  with  an  increased  number  of  samples 
by  an  asymptotic  function. 

2.4  Simplified  Methods  for  Dynamic  Distortion  Assessment 

At  MBB ,  a  simple  method  for  estimating  peak  time-variant  DC60  was  developed  by 
Habig.  In  contrast  to  the  synthesis  methods  described  above,  this  method  is  based  on  the 
average  turbulence  of  the  dynamic  signals  in  the  AIP.  The  peak  value  of  DC60  is  approached 

X6°Mx  ■  ^steady  state  *  ^ean 

with  RMS  a  being  the  mean  absolute  value  of  the  RMS-values  of  all  transducers,  normalized 
by  q..p.  X  Preliminary  comparison,  based  on  an  intake  model  with  8  Kulites  in  the  AIP, 
showed  iood  agreement  between  the  Borg  and  Habig  methods  (Ref. 8). 

A  further  slmpl  l  f ‘.cat  ion  of  dynamic  distortion  assessment  is  the  deletion  of  all 
high  response  transducers  in  the  AIP.  The  influence  of  the  dynamic  component  of  the  pressure 
fi actuation  is  accounted  for  by  steady-state  data.  For  example,  the  subsonic  diffuser  loss 
'.efficient  •,  defined  as  \  =  (pt  ,  -  PtAIp)  /  qAIp 

wi'h:  pf T  avq.  total  pressure  at  subsonic  diffuser  entry 

PtAlP  avg.  total  pressure  in  AIP 

gAIP  dynamic  pressure  In  AIP 

.  ruld  be  one  of  the  factors  increasing  with  turbulence,  and,  hence,  with  dynamic  distor¬ 
tion.  Based  on  test  data  from  different  aircraft  configurations,  Hercock  (Ref. 15)  made 
’he  approach 

DC 60  =  DC 60  .  .  .  ♦  f  ( \) 

max  steady  state 

with:  f  |«)  «  0,723  *  x  for  i  i  0,455 

and  f  (•)  »  0,329  «  const.  for  i  0,455 

In  a  similar  way,  Malefakis  (Ref. 16)  correlated  DC60  and  X,  proposing  the  equation 

DC 60  »  0,5122  ♦  0,1739  #  In  (X). 

ma  x 

Another  empirical  method  proposed  in  (Ref. 9)  Is 

DC 60  «  DC 60  .  .  „  ,  0,5  *  X. 

max  steady  state 

The  He r cock  method  was  derived  purely  from  subsonic  3ata;  the  X/2  method  was  applied  also 
to  super  sonic  test  data  after  shock  pressure  losses  had  been  substracted. 

The  different  methods,  their  complexity  and  the  required  instrumentation  are  described  in 
Table  * . 


Complexity 


Method 


No.  of  dynamic 
transducers, 
measured  dynamic  data 


Test  equipment,  software 


1.  Dynamic 
measurements 

1.1  Flight  test 

40 

Telemetry  or  air¬ 
borne  data  storage 

1 .2  Model  tests 

p,  -  f  <t> 

2.  Synthesis 

2.1  with  full 

40 

Measurement  and 

instrumentation 

•IPlRMS 

storage  of 

40  RMS-values 

2.2  with  reduced 

8  ^  n  <  40 

Measurement  and 

instrumentation 

•  JPtRMS 

storage  of  I 

n  RMS-values 

Measurement,  processing 
and  storage  of  40  time- 
dependent  signals, 
analog/hybrid  computer, 
peak  detector 


Digital  synthesis  program 
for  random  pattern  generation 
and  computation  of 
distortion  coefficients 


3. 


4 


Dynamic  distortion 
computed  as 

steady-state  distortion  «■  f  (p,nMS) 
Dynamic  distortion  computed  from 


steady-state  distortion  and  diffuser  losses 


(no  dynamic  measurements) 


Table  1  Simplified  Distortion  Assessment  Methods 


2.5  Comparison  with  Experiment 

To  investigate  the  reliability  of  the  different  methods  for  dynamic  pressure 
distortion  assessment  requiring  different  complexity  in  instrumentation  and  data  pro¬ 
cessing,  a  comparison  of  these  methods  was  made.  Test  results  from  three  completely  dif¬ 
ferent  intake  models  were  used: 

a)  an  intake  model  with  twin  single-wedge  under- fuselage  intakes,  (TKF  model, 
scale  1/7),  tested  in  the  DFVLR  low  speed  tunnel  at  angles  of  attack  up  to  45® 
(see  also  para.  2.2) 

b)  an  intake  model  with  double-wedge  side  intakes,  (Tornado  model,  scale  1/6,5), 
tested  in  the  ARA  transonic  wind  tunnel  at  Mach  numbers  up  to  1,3  and  angles 
of  attack  up  to  35® 

c)  an  isolated  double-wedge  side  intake  model,  (NGTE  Tornado  intake  model,  scale 
1/9),  tested  at  supersonic  speeds. 

2.5.1  Static  and  Low  Speed  Tests  with  TKF  1/7  Model 

The  high-response  instrumentation  of  the  TKF  model  consists  of  36  transducers 
on  3  rings.  Dynamic  distortion  DC60  was  measured  during  the  tests.  98  test  points  were 
investigated,  comprising  angles  of  attack  from  0  to  45®  and  sideslip  from  -15®  to  *15®. 

'/he  variable  cowl  lip  was  drooped  from  0®  (normal  position)  down  to  50®.  A  few  tests  with 
increased  cowl  lip  thickness  ( ' bellmouth ' )  were  made  at  M  *  0.  An  initial  comparison 
between  synthesized  (Borg  method)  and  measured  distortion  coefficients  DC60,  based  on  the 
TKF  model,  is  described  in  Ref. 10.  In  addition,  the  Habig,  Hercock,  Malefakis,  and  X/2 
methods  were  applied  to  the  same  tes*-  data  as  the  Borg  method  (Ref. 14).  The  results  of 
each  method  were  compared  with  the  results  from  the  fully  dynamic  measurement.  In  Fig . 4 
(Ref. 14)  the  results  of  the  different  methods  for  M  ■  0  arc  plotted  vs.  engine  face  Mach 
number,  i.e.  engine  mass  flow,  and  compared  with  experimental  data.  The  cowl  position 
is  30®.  For  these  test  conditions,  the  Borg,  Habig,  and  X/2  methods  provide  excellent 
agreement  with  test  data  while  the  empirical  approaches  by  Hercock  and  Malefakis  over-  or 
underpredict  the  measured  data.  In  Fig. 5  (Ref. 14)  the  results  of  the  different  prediction 
methods  are  plotted  vs.  velocity  ratio  and  compared  with  experimental  data  for  different 
cowl  positions  and  angles  of  attack.  In.  rig. 6-9  the  results  of  the  different  prediction 
methods  are  compared  with  the  measured  DC$A.  the  direct  comparison  of  measured  and  synthe¬ 
sized  data  (left)  includes  all  test  points,  the  histogram  (right)  does  not  include  the 
test  points  with  the  ’bellmouth'  configuration. 

For  the  Borg  method,  this  comparison  shows  excellent  agreement  between  measured 
and  synthesized  DC 60  and  a  small  scatter  band  except  for 
some  static  test  points 

cowl  in  normal  position  in  combination  with  45®  angle  of  attack,  with  the  trend  of 


underpredictiiu  the  measured  values,  i.e.  for  test  points  where  a  severe  intake  flow 
separation  will  occur  (Fig.6#  Ref. 10). 

Any  other  combination  of  cowl  position  and  angle  of  attack  (for  example,  normal  position 
with  30°  angle  of  attack  or  cowl  rotated  30°  down  with  45°  angle  of  attack)  provides  very 
good  agreement,  see  Fig. 5.  The  reason  for  these  discrepancies  is  the  assumption  of  un¬ 
correlated  random  pressures  in  the  synthesis  method  which  is  correct  for  normal  flow 
conditions,  but  not  for  severe  separations.  The  analysis  of  the  discrepancies  between 
synthesis  and  measurement  shows  that  the  difference  does  not  increase  with  the  absolute 
value  of  DC60.  For  very  low  distortion,  this  may  result  in  relatively  high  percentage 
values  for  an  intake  test  condition  where  the  intake  distortion  is  far  below  the  engine 
limits.  However,  at  higher  distortion  values,  which  are  closer  to  the  engine  limits,  the 
absolute  error  is  still  the  same  order  of  magnitude,  resulting  in  a  low  percentage  of 
error. 

The  Habig  method  shows  a  very  similar  trend  as  the  Borg  synthesis  method; 
however,  the  trend  towards  underprediction  for  the  test  conditions  with  intake  flow 
separation  and,  hence,  with  correlated  signals,  is  less  significant  (Fig. 7,  Ref. 14). 

The  Hercock  method  shows  a  similar  scatter  band  with  a  trend  towards  overpredictions, 
especially  at  the  higher  distortion  values  (Fig. 8,  Ref. 14). 

Compared  with  the  Borg  synthesis,  the  X/2  method  shows  an  increased  scatter  band. 
However,  the  accuracy  of  the  prediction  is  slightly  less  sensitive  to  flow  separation 
(Fig. 9,  Ref. 14).  Fla. 10. 11  and  12  (Ref. 9)  compare  the  X/2  method  with  experimental  data, 
in  contrast  to  Fig. 3  and  6,  a  wider  variation  in  cowl  position  and  incidence  is  covered 
here.  It  is  evident  that  even  for  this  simple  method  without  any  direct  information  about 
the  dynamics  of  the  flow  the  trend  of  DC60  versus  mass  flow  is  clearly  duplicated.  The 
absolute  values  are  also  in  excellent  agreement  except  for  two  test  conditions  where 
strong  separation  occurs.  These  are;  M  =  0  with  the  cowl  at  0°  (Fig. 10)  and  v  /v  >  0 
at  a  =  45®,  cowl  at  0®  (Fig. 11).  However,  for  these  off-design  conditions  the°er?or  is 
within  acceptable  limits. 

2.5.2  Tests  with  Tornado  1/6,5  Intake  Model 

The  high  response  instrumentation  of  the  Tornado  1/6,5  model  (MCI 9)  consisted 
of  36  transducers  on  3  rings.  280  test  points  were  investigated,  and  the  results  of  the 
different  prediction  methods  were  compared  with  the  measured  dynamic  distortion  DC60. 

The  Mach  number  range  was  from  M  *  0  to  M  8  1,3;  the  angle  of  attack  varied  from  -3®  to 
♦35®,  and  the  angle  of  sideslip  from  -10®  to  +10°.  The  configuration  represented  the  early 
intake  standard  without  fences.  In  Fig. 13-16  (Ref. 14)  the  results  of  the  Borg,  Habig,  and 
X/2  methods  and  the  measured  DC60  are  plotted  vs.  engine  mass  flow  for  M  *  0,2;  M  =  0,4? 

M  *  0,9  and  M  =  1,2  at  different  angles  of  attack.  This  comparison  shows  that  at  low  and 
moderate  angles  of  attack  the  results  of  the  different  prediction  methods  (Borg,  Habig, 

X/2)  and  the  dynamic  measurement  agree  quite  well.  However,  at  high  incidence,  the  measured 
DC60  exceeds  the  results  of  the  Borg  and  Habig  methods  significantly.  These  two  methods 
yield  very  similar  values  over  the  whole  range  of  Mach  numbers,  incidence,  and  engine  mass 
flow.  At  high  incidence  (i.e.  flow  separation  at  the  cowl  lip) ,  the  X/2  method  provides 
better  agreement  with  test  data  than  the  more  complicated  Borg  and  Habig  methods.  The 
general  trends  of  the  prediction  methods  are  shown  in  Fig. 1 7-19  (Ref. 14)  for  all  280  test 
points.  The  Borg  and  Habig  methods  provide  good  agreement  at  lower  distortion  values  with 
a  trend  towards  underprediction  with  increasing  distortion,  corresponding  to  increasing 
incidence.  The  reliability  of  the  simple  X/2  method  is  less  dependent  on  flow  separation 
and,  hence,  on  incidence.  The  scatter  band  is  slightly  wider  than  those  for  the  two  other 
methods;  however,  there  is  nearly  no  trend  towards  underprediction  (nearly  symmetrical 
error  distribution). 


2.5.3  Tests  with  Tornado  1/9  Intake  Model 

An  isolated  Tornado  inlet  model  was  tested  at  M  *  1,91  by  NGTE  (Ref. 13).  These 
tests  provided  reliable  distortion  data  for  the  high  supersonic  flight  regime.  The  RMS 
values  were  not  available  at  MBB,  therefore  only  a  comparison  with  the  X/2  method  could 
be  made.  The  subsonic  diffuser  loss  coefficient  X  was  calculated  from  measured  intake 
pressure  recoveries  and  from  computed  shock  losses  (Ref. 9). 

The  coaiparison  between  the  X/2  method  and  the  measurement  is  shown  in  Fig. 20-22 
(Ref. 9).  They  comprise  twelve  different  test  conditions  (three  different  incidences,  two 
different  ramp  angles  6j  and  configurations  with/without  the  cowl  fence)  over  the  whole 
mass  flow  range  (  (A  /A  i /n  -  WAT). 

o  c 

Excellent  agreement  in  the  trend  and  fairly  good  agreement  in  the  absolute  level 
were  obtained.  The  greatest  deviation  occurs  for  a  -  +5®,  5a  -  12®  (Fig. 22).  For  these  high 
effective  wedge  angles  (a*6i,6a)  the  lnvlscid  computation  of  the  shock  system  and  thus 
of  X  is  not  very  accurate,  which  probably  explains  this  deviation. 


3.  INTAKE  SWIRL 

A  rather  comprehensive  discussion  on  the  generation  of  intake  swirl  and  its 
effects  on  Intake /engine  compatibility  was  given  in  Ref. 12  and  18.  Sosa  of  the  main  issues 
will  be  repeated  in  the  following. 

3.1  Generation  of  Different  Types  of  Swirl 

The  centrifugal  forces  acting  on  a  viscous  flow  in  a  bent  duct  produce  the  well 
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known  cross-flow  (secondary  flow)  which  is  called  here  "twin  swirl".  Similarly,  if  the 
flow  separates  at  or  near  the  leading  edge  of  an  intake,  i.e.  ahead  of  a  bend,  this  low 
energy  air  near  the  duct  wall  is  forced  to  move  inwards  while  the  high  energy  air  is 
displaced  outwards  in  the  bend.  If  the  separation  zone  does  lie  in  the  plane  of  symmetry 
of  the  bend,  a  solid  body  type  cross  flow  is  generated  which  is  called  "bulk  swirl". 

In  every  curved  intake  twin  swirl,  therefore,  must  be  present;  under  extreme  conditions 
bulk  swirl  is  superimposed.  Fig. 23  (Ref. 12). 

Bulk  swirl  can  be  suppressed  effectively  by  simple  flow  straightening  devices 
e.g.  by  a  fence,  while  twin  swirl  is  very  stable  and  is  only  little  affected  by  simple 
flow  straighteners.  For  the  Tornado  series  aircraft  a  fence  was  fitted  in  each  intake. 

This  solution  proved  to  be  as  simple  as  effective  so  that  Tornado  now  is  not  limited 
in  incidence  and  Mach  number  from  compatibility  point  of  view. 

3.2  Relevance  of  Swirl  on  Compatibility 

In  the  early  Tornado  prototypes  (without  cowl  fence)  a  twin  swirl  was  found 
which  was  nearly  constant  up  to  moderate  incidences  in  subsonic  flight.  Exceeding  this 
incidence  level  a  sudden  onset  of  bulk  swirl  occurred  combined  with  an  increase  of  the 
existing  twin  swirl.  This  was  caused  by  flow  separation  at  the  cowl  lip.  At  high  super¬ 
sonic  Mach  numbers  the  analogue  phenomenon  occurred  at  large  second  ramp  angles  <52  (se¬ 
paration  due  to  too  high  diffuser  angle).  Fig. 24  (Ref. 12).  However,  the  sense  of  rotation 
was  opposite  to  that  in  subsonic  flight  at  high  incidences. 

Naturally,  both  intakes  had  the  same  flow  patterns,  which  were  symmetric  to  the 
aircraft  symmetry  plane.  That  is,  the  sense  of  rotation  of  the  swirl  in  both  intakes 
was  in  opposite  direction.  Therefore,  at  any  time  the  swirl  was  co-rotating  relative 
to  the  engine  in  one  intake,  while  it  was  counter-rotating  in  the  other.  As  a  consequence, 
in  the  critical  subsonic  flight  conditions  only  the  left  hand  engine  surged,  while  in 
high  supersonic  flight  the  right  hand  engine  was  affected.  Although  pressure  distortion 
and  swirl  in  both  intakes  increased  simultaneously,  (Fig. 25,  Ref. 12),  only  the  engine 
with  counter-rotating  swirl  surged. 

Since  the  usual  pressure  distortion  coefficients  do  not  take  into  account  any 
swirl,  it  is  clear  that  these  pressure  distortion  coefficients  alone  cannot  be  the  decisive 
factor  for  the  RBI  99  and  other  engines  without  inlet  guide  vanes  which  have  a  certain 
flow  straightening  effect.  The  other,  probably  more  important  factor  must  be  swirl,  in¬ 
cluding  its  magnitude  and  sense  of  rotation.  Swirl  may  not  only  trigger  surge  but  can 
also  cause  blade  vibrations,  due  to  the  periodic  loading  of  a  compressor  blade  during 
one  revolution. 

According  to  Lecht  and  Weyer,  circumferential  non-uniformities  in  total  pressure 
as  well  as  in  pre-swirl  flow  (twin  swirl)  "...  do  not  only  affect  the  compressor  stall 
margin  but  result  in  severe  unsteady  aerodynamic  load  of  the  rotor  blades  thus  initiating 
or  aggravating  airfoil  vibrations  and  flutter  ...  .  Pre-swirl  distortions  tend  to  create 
more  intense  blade  force  fluctuations  than  even  very  strong  total  pressure  distortions" 
(Ref. 19).  These  investigations  on  a  research  compressor  were  confirmed  not  only  by  the 
fan  vibration  of  the  unmodified  Tornado  near  the  maximum  flight  Mach  number  but  also  by 
a  high  cycle  fatigue  problem  on  the  APU  TSCP  700-5  of  the  early  versions  of  the  Airbus 
A300:  "To  the  same  extent  as  the  number  of  aircraft  increased,  a  growing  number  of  cracks 
or  blade  separations  was  experienced  in  the  low  pressure  compressor,  especially  in  the 
first  stage.  In  a  number  of  failures,  blade  dovetail  and/or  disk  single  platform  separa¬ 
tions  occurred  (Fig. 26) .  The  inspection  of  the  blade  dovetails  revealed  that  the  cracks 
had  been  induced  by  fretting"  (Ref. 18).  Swirl  measurements  in  the  unmodified  APU  intake 
revealed  a  twin  swirl  without  any  bulk  swirl.  This  caused  blade  oscillations  and,  in 
combination  with  the  same  material  for  both,  blade  and  disk  (TI-6A1-4V) ,  blade  dovetail 
fretting.  By  simple  modifications  of  the  intake  the  maximum  swirl  angles  were  reduced 
by  nearly  50%  (Fig. 27 ,  Ref. 18).  These  modifications  were: 

a  modified  position  of  the  baffle  plates  (parallel  to  each  other) 

-  a  fairing  between  the  two  baffle  plates  attached  to  the  rear  plenum  chamber 

wall  (Fig. 28,  Ref. 18). 

In  addition,  the  blade  dovetails  were  copper/ntckei  coated  to  avoid  surface  contact  be¬ 
tween  the  two  titanium  parts.  Thus  the  problem  was  successfully  tackled  from  both  ends, 
i.e.  the  aerodynamic  disturbances  were  reduced  and  the  structural  tolerance  of  the  engine 
towards  flow  non-uniformities  was  Increased. 


3.3  Prediction  of  Swirl  Patterns  from  Wall  Streamlines 

The  visualization  of  the  streamlines  at  the  Intake  wall  by  the  so  called  oil 
dot  technique  is  a  very  simple  and  cheap  method,  which  was  applied  by  MSB  in  many  model 
and  full  scale  tests,  the  latter  also  in  flight.  The  oil  traces  were  copied  simply  by 
pressing  a  sheet  of  paper  onto  the  wall.  Tor  the  quantitative  assessment  of  the  flow 
angle  this  method  proved  to  be  superior  to  the  evaluation  of  photographed  streamlines: 
this  method  is  particularly  useful  for  cylindrical  surfaces.  Fla. 29  (Ref. 12)  compares  the 
cross-flow  anglaa  from  tha  wall  stream  lines  in  the  Tornado  full  seals  Intake  with  a  swirl 
pattern  in  a  1/6,5  seals  model  at  static  conditions.  It  can  be  seen  thst  the  extrapolation 
of  tha  meaaurad  swirl  pattarn  towards  tha  wall  agraes  wall  with  the  oil  flow  values, 
which  suggests  that  tha  Reynolds  number  effect  is  negligible  here. 

All  combat  aircraft  with  an  8-shaped  duct  investigated  by  MBS  confirm  that  the 
swirl  pattern  In  front  of  the  engine  consists  of  twin  swirl  and  -  If  separation  occurs 
ahead  of  the  bend  -  also  of  bulk  swirl  (saa  para.  3.1).  Thar#  are  a  few  exceptions,  e.g. 
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if  a  disturbance  is  generated  by  a  fence  or  a  similar  device  immediately  upstream  of  the 
measuring  plane. 

Whether  above  rule  holds  also  for  other  intakes  can  be  easily  verified  during 
a  test  by  the  wall  streamlines.  A  circumferential  swirl  distribution  as  shown  in  Fig. 23 
must  then  be  found.  Assuming  a  linear  distribution  of  the  circumferential  mean  value 
versus  radius  (solid  body  type)  for  bulk  swirl  and  a  sinusoidal  distribution  for  twin 
swirl,  the  swirl  pattern  in  the  complete  duct  cross-section  can  be  reconstructed  from 
the  wall  streamlines  as  follows: 

The  maximum/minimum  swirl  angles  are  directly  obtained  from  the  wall  streamlines.  The  two 
components  bulk  and  twin  can  then  be  computed  by  the  following  equations: 

Tmax  a  Tbulk  +  Ttwin 

Tmin  *  Tbulk  ”  Ttwin 

With  the  above  assumptions  for  the  radial  distribution  the  cross-flow  angles  in  the  whole 
cross-section  are  defined.  An  example  is  shown  in  Fig. 30  (Ref.11). 

Even  if  there  are  no  swirl  measurements  at  all,  i.e.  neither  at  the  wall  nor  in 
the  inner  of  the  duct,  a  qualitative  swirl  pattern  for  the  entire  cross-section  can  be 
predicted  from  the  isobar  pattern  if  there  is  a  distinct  high  and  low  total  pressure 
region  (no  concentric  isobars).  The  maximum  swirl  angle  is  at  the  duct  wall.  Its  circum¬ 
ferential  position  coincides  with  the  low  pressure  region.  The  minimum  swirl  angle  (be  it 
positive  or  negative)  lies  diametrically  opposite  at  180®.  The  •sense®  of  rotation  of  the 
bulk  component  is  defined  by  the  direction  from  the  high  to  the  low  pressure  region 
along  the  larger  circumference.  Fig. 24.  The  symmetry  line  of  the  twin  component  lies  at 
90®/270®.  Above  findings  are  purely  empirical  and  are  based  on  numerous  test  data  from 
different  configurations. 


4.  TEMPERATURE  DISTORTION 

Ingestion  of  hot  gas  causes  in  principle  the  same  problems  as  total  pressure 
losses:  apart  from  the  thrust  loss  equivalent  to  the  mean  temperature  rise,  there  are 
additional  thrust  losses  due  to  the  non-uniformity  of  the  temperature  distribution.  In 
severe  cases  engine  surge  and  flame-out  will  occur.  Hot  gas  ingestion  may  be  encountered 
during  V/STOL  operation,  thrust  reversing,  formation  flying  and  armament  firing.  Gas 
ingestion  during  armament  firing  can  be  so  severe  that  the  engine  must  be  temporarily 
deloaded,  which  means  that  the  engine  produces  less  thrust  for  a  short  while.  However, 
during  V/STOL  operation  the  maximum  thrust  is  required  and,  therefore,  hot  gas  reingestion 
has  to  be  avoided.  Comprehensive  investigations  in  this  respect  were  conducted  in  the 
sixties  by  many  industry  and  research  groups.  The  conditions  during  V/STOL  are  better 
reproduceable  than  during  armament  firing.  Although  no  exact  limits  for  surge  onset  are 
known,  temperature  limits  can  be  defined  below  which  surge  does  not  occur.  Above  such 
limits  surge  mav  or  may  not  happen.  An  example  is  shown  in  Fig. 31  (Ref. 20). 

These  results  were  obtained  from  NASA  Ames  who  tested  in  1966  the  MBB  V/STOL 
configuration  No. 5  using  a  half  scale  model  with  six  YJ-85  GE  5  engines,  the  nozzle  throat 
of  which  were  Increased  by  about  15%.  As  shown  in  Fig. 31  the  limits  can  be  expressed  by 
the  swan  or  maximum  overtemperature.  Engine  No. 1  had  twice  the  tolerance  than  engine  No. 2 
for  the  mean  and  maximum  overtemperature.  This  can  be  due  to  the  different  location  on 
the  aircraft,  different  engine  modification  or  measuring  error.  The  main  conclusion  from 
this  dlagramme,  however,  is  not  affected. 


5.  CONCLUDING  REMARKS 

5 .  1  Intake  Swirl 

A  pure  twin  swirl  (i.e.  without  any  bulk  component)  of  larger  magnitude  can 
produce  serious  structural  damage  via  forced  blade  vibration.  A  pure  bulk  swirl  cannot 
exist  in  curved  inlet  ducts.  Due  to  the  boundary  layer  a  twin  swirl  component  is  always 
present.  If  separation  occurs  in  an  S-shaped  duct  there  is  always  a  combination  of  bulk 
and  twin  swirl.  It  is  expected  that  any  combination  of  bulk  and  twin  swirl  will  trigger 
surge  provided  that  the  local  counter-rotating  swirl  is  of  sufficiently  large  magnitude 
and  extends  over  a  reasonable  sector  of  the  compressor  face. 

For  engines  without  IGV  dynamic  distortion  is  not  the  only  relevant  parameter 
as  the  Tornado  experience  has  shown.  The  same  pressure  distortion  in  the  left/riqht  hand 
intake  produced  engine  surges  only  in  combination  with  counter-rotating  swirl  (relative 
to  the  fan  rotation).  Intake  fences  have  proven  to  be  a  simple  and  powerful  means  to 
reduce  swirl.  This  was  deorenst rsted  very  clearly  on  Tornado  which  now  is  not  limited  in 
incidence  and  maximum  Mach  number  from  compatibility  point  c-f  view. 

S.2  Simplified  Distortion  Assessment  Methods 

The  Borg  synthesis  method  was  applied  to  nearly  400  test  points  from  two  com¬ 
pletely  different  intake  configurations.  The  synthesized  pressure  distortion  coefficient 
DC 60  agrees  very  well  with  the  measured  values  except  for  test  points  where  strong  sepa¬ 
ration  occurs.  The  Borg  method  then  yields  too  optimistic  vslues.  Even  if  the  number  of 
dynamic  pressure  transducers  is  reduced  from  16  down  to  6  or  8  only  small  errors  are 
t  nt  rod  viced  . 
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The  Habig  method  in  general  agrees  well  with  the  Borg  method.  However,  the  trend 
towards  underprediction  in  cases  with  strong  separation  is  leas  pronounced.  The  methods 
by  Hercock  and  Malefakis  over-  and  underpredict,  respectively,  the  measured  data  in  general 
with  a  fairly  large  scatter  band.  The  simple  X/2  method  gives  surprisingly  good  agreement 
with  the  measured  data  for  test  conditions  with  attached  flow.  Especially  for  cases  with 
separation  this  method  proves  to  be  superior  to  all  other  methods  investigated. 


5.3  Recommendations 

For  preliminary  design  it  is  recommended  to  delete  the  fully  dynamic  pressure 
distortion  measurement (by  36  or  40  transducers)  in  favour  of  swirl  assessment  plus  measure¬ 
ments  of  a  reduced  number  of  RMS  values  (Borg  and  Habig  methods).  It  is  even  worth-while 
considering  to  abandon  dynamic  pressure  measurements  completely  and  apply  the  X/2  method 
instead.  Considerable  cost  savings  will  then  be  achieved.  The  degree  of  simplification 
for  the  different  methods  is  shown  in  Table  1.  Certain  safety  margins  in  DC60  to  cope  with 
the  deviations  shown  in  this  paper  will  then  have  to  be  added.  The  complete  deletion  of 
the  dynamic  pressure  measurement  cannot  be  yet  recommended  for  the  final  design  phase. 

The  same  holds  for  other  test  objectives  like  hammer shock  or  surge  interaction  tests. 
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Fig.  4  Comparison  of  different  prediction  methods  from  TKF  1:7  intake  model 
(cowl  position  =  30° ) 
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Fig.  1 1  Comparison  of  measured  DC60  with  A  2  prediction  method,  from  TKF  1 :7  low  speed  tests,  Ref.  9 


Fig.  12  Comparison  of  measured  DC60  with  A/2  prediction  method,  from  TKF  1:7  low  speed  tests,  Ref.  9 


Fig- 20  Comparison  of  measured  dynamic  DCdO  with  A/2  prediction  method, 
from  Tornado  NOTE  1:9  isolated  intake  model,  M  ■  1,91;  a  =  -2°  .  Ref.  9, 13 


Fig.  21  Comparison  of  measured  dynamic  OC90  with  A/2  prediction  method, 
from  Tornado  MOTE  1:9  isolated  Intake  model,  M  •  1,91;  a  -  +2*  ,  Ref.  9, 13 


Rfl.  22  Comparison  of  measured  dynamic  DC60  with  A/2  prediction  method, 
from  Tornado  NGTE  1:9  isolated  intake  model,  M  »  1,91;  a  ■=  +5°  ,  Ref.  9,  13 


Fig.  23  Superimposing  of  Bulk  and  Twin  Swirls 


i  'x**ng  ( >i iwr ittraart' 


0  90  »*)  ?70  J90 

*n 


- itnmottfma  InIM  <%,  -  83%) 

- tmproMd  Matw  IN.  -  97  %| 


HmuM  (A0U  OrwMl  OparaMon) 


J-24 


DISCUSSION 

JJIwnnayh,  Ge 

Mr  Williams  told  us  in  the  first  lecture  this  morning  that  inlet  swirl  is  not  a  problem  any  more  since  you  can  use  fences. 
Could  you  comment  on  that  please? 

Author’s  Reply 

There  can  be  no  doubt  that  intake  swirl  is  a  decisive  compatibility  parameter  for  engines  without  inlet  guide  vanes. 
Paramount  examples  for  this  are  the  flight  test  results  from  the  unmodified  inlets  of  Tornado  and  the  Airbus  APU  and 
also  the  work  by  Lech!  and  Weyer  on  a  research  compressor.  These  examples  have  been  only  briefly  mentioned  in  our 
paper  and  are  described  in  more  detail  in  the  referenced  literature. 

Although  we  were  very  successful  in  suppressing  counter-rotating  bulk  swirl  on  Tornado  for  all  flight  conditions  by  the 
embodiment  of  intake  fences,  I  would  not  dare  to  say  that  this  excellent  result  can  be  directly  transferred  to  any  new 
combat  aircraft  inlet.  In  any  case,  numerous  wind  tunnel  and  flight  tests  will  be  necessary  to  achieve  the  same  or  a 
similarly  good  result  as  on  Tornado. 

Since  one  cannot  assume  to  completely  eliminate  bulk  swirl  on  a  new  inlet  configuration  for  all  ground  and  flight 
conditions,  the  remaining  tolerable  bulk  swirl  needs  to  be  specified  by  the  engine  manufacturer.  The  same  holds  for 
twin  swirl  which  can  only  partially  be  suppressed  by  simple  flow  straightening  devices. 

for  future  aircraft  and  particularly  for  aircraft  which  attain  high  angles  of  attack  wc  would  prefer  fuselage  or  wing 
sniekieu  inlets  to  avoid  me  generation  ot  targe  swirl  angles  right  Irom  the  beginning  of  a  new  aircraft  development. 


D.O.WUHmm,  UK 

In  my  paper  you  will  find  some  results  from  general  research  on  an  S  shapcd  duct  which  arc  useful  We  found  we  can 
control  swirl  and  eliminate  it  with  fences  there  as  well.  The  fences  also  reduce  the  total -pressure  distortion  (they  mix  the 
flow  and  reduce  the  circumferential  distortion)  They  are  cost  -effective  devices.  I  agree,  though,  that  it  is  better  to  have 
an  intake  without  swirl  Straight  intakes 

Aiatlnr'i  Reply 

The  more  important  question  probably  is  whether  future  engines  should  have  inlet  guide  vanes  or  not  from  the 
compatibility  point  of  view  As  stated  in  im  Seattle  paper  (Ref  I  2  in  Paper  6KA-.1)  we  prefer  fences  instead  of  inlet 
guide  vanes  for  weight  reasons  Would  you  like  to  comment ? 


D.D.WIMmu,  UK 

Whatever  it  takes  to  gel  a  good  propulsion  system.  One  pays  large  penalties  lor  inlet  guide  vanes  -  they  weigh  a  lot. 
reduce  flow  per  frontal  area,  have  a  bird  strike  pn>blcm  etc.  s«>  where  there  is  an  alternative,  simple,  lightweight  fence  it 
is  a  more  attractive  solution,  as  in  fact  we  have  shown  on  I  ornado 
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SUMMARY 

A  prediction  model  for  the  effects  of  a  steady  state  temperature  dis¬ 
tortion  on  the  overall  performance  of  a  multistage  engine  compressor 
la  presented.  In  contrast  to  the  well-known  parallel  compressor  model* 
this  method  takes  Into  account  the  circumferential  Interaction  of  the 
distorted  and  undlstorted  compressor  flow.  An  extensive  experimental 
program  has  been  carried  out  on  a  single-spool  Jet  engine  with  steady- 
alaie  inlet  temperature  and  pressure  distortion  tests.  The  experimen¬ 
tal  set-up  Is  briefly  described.  Detailed  results  of  the  flow  measure¬ 
ments  obtained  at  the  compressor  Inlet  and  exit  and  at  the  compressor 
Interstage  positions  are  presented  and  discussed.  The  experimental  re¬ 
sults  support  the  validity  of  the  prediction  model  ieveloj ei  within 
this  project. 

NOMENCLATURE 

A  Ar»*a 

a  Velocity  of  sound 

c  Absolute  velocity 

M  Mach  number 

k  Air  mass  flow 

N  Rotor  speed 

n  polytrop lc  exponent 

DP  Operating  point 

p  Pressure 

l  Dynamic  pressure  '\f  - 

T  Temperature 

i  "*  1  rc  urn  fere  rit  lal  velocity 

w  Relative  velocity 

P.,  Relative  flow  angle  at  rotir  !nle 

Dp  eel  fie  heat  ratio 

n  Ff f 1 c 1 er.cy 

*  Total  f res  sure  n* !c 


t  Flow  funot  lor. 

;•  ufc  scripts 

c  "cl!  f undist orte  1  sec* 

-'or  Dorrectel 

bP  "omlustor  lr.T®f 

*.  H  t.  (list  0!*t  e  ; 

N  Exhaust 

W1  thou*  lift?!"  :• 

*1  i.e».t  ro:  1  ■" 

ft  r»age 

•  “otal 

TN  Turt  Ir.e 

A  Amt  ler.t  '*::;!!*  ' 

1  '’om.f  ressf  ?  '•!''* 

*«mfre.-r"r  e*i* 


1  .  TNT,J/V  ”  ’TT nN 

Atrcraf*  Jet  engines  encour.* »  r  Ir.le*  fl~w  lister*  1 or.r-  5ep  '-■vne  rl  Vh*  - 

lit  Ions.  The  res.il  lng  legra  la*  lor  1  r  *rvt  ne  ;  er  form  an  !e;  »r.dr  "•air.!,,  v  •  V**  «•*•  p'  •  ‘  " 
which  the  ’ompressor  opera*  tor.  is  affected  by  t  he  S 1  r*  <'r*  1  or  .  ~y;  1  • " '  -  *  *  .v'- 

where  Ir.le*  pressure  Ms*  -r*  ion  <•*.„,  pwlrl 

-  aircraft  opera*  lor.  n*  high  angle?  f  it*t.'V  >»•  y*w  |  rolu-'h:.*  a! 

flaw  separation  In  the  !r.*ake, 

-  shock-wave,  boundary-layer  !nt  eniu  to*.  »*  s-iiTsc  p!  *  t 

-  strong  •rosswlr.dfl  "»r  fuselage  !  nt  **  rferet.ee  a  ffe-**  ir.g  -  he  I:.*  •.  P  »•  ,  •  r 

Inlet  temperature  distortion  often  lr.  contlr.a*  1  w-  wt*h  :  repsure  !  i  v*  cr*  ’  o*  '.  r  1 

hot  gas  Ingestion,  af^er  airborne  missile  1  aune1  ;r  1  ..  gar.  r**’!r-  . i*  *  o*  1  ur  *  *.»•  *»•?•<:•*  re¬ 
verse  operat Ion. 

One  of  the  major  effects  of  the  llstortei  Inlet  flow  is  the  1-vss  vf  *  he  surge  margin  of 
the  compressor  which  limits  ♦  he  maneuverability  of  *  he  airmaf*.  Therefore  a  I  r>  *  f  exper 
mental  and  theoretical  work  has  been  le Urate!  In  the  f 03t  *••  establish  re! t* t onsM | •  he* 
ween  the  loss  in  the  surge  treasure  ratio  ar.  1  *  he  extent  jC  press  ire  -r/and  *  emj  erat  i  •••• 
distort  Ion.  Detailed  experimental  investigations  have  been  earrle  l  o.j*  at  *  tie  NADA  '•»'? 
Research  ''enter  on  single-spool  engines  and  on  turbofar.  eng.nes  f  1  J,  [  .'■},[  Tl,  [  '•  ]  *-  get 
a  better  physical  understanding  of  *  he  pressure  and  temperature  d  1  a*  nr*  4 '■'r.  eifee*r  or  the 
compressor  performance.  A  so-called  "parallel  compressor  model"  has  been  use!  to  pr*M-** 
the  overall  compressor  surge  degradation^-].  This  model  Is  based  on  the  assumption  *hi* 
the  compressor  may  be  segmented  into  two  or  more  suocompres3ora  each  operating  tndeper;- 
lentiy  from  one  another  and  having  the  same  performance  characteristics  as  the  undla* ert »» 
compressor .  No  crossflow  between  the  subcompressors  Is  admitted.  A  sn-naiied  parallel  com 
pressor  Index  has  been  derived  from  this  simple  model  and  used  to  correlate  with  the  ex¬ 
perimental  lata  ( 6 J.  A  fairly  good  agreement  between  the  experiment  and  the  prediction  wa 
achieved  as  well  for  presaure  distortion  as  for  temperature  Itstortton  with  an  extent  of 
more  than  AUK.  Norn  [“*]  refined  the  simple  parallel  compressor  theory  by  Introducing  a 


dynamic  stall  delay  which  Improved  M.e  *>■*•*  jraoy  of  t t 
preaau re  loss  for  single  stage  'or. :  res?  >rs  . 

The  unsufflcten!  agreement  between  *?e  *«*st  1afa  an! 
compressor  model,  which  Is  obtalnel  for  Trail  Is*  age  ■.:? 
tl  n,  Is  due  to  the  fact  ►hat  this  mole!  !s  only  base 
does  not  account  for  the  Identification  -  f  the  stall! 
tial  Interact!'?;  of  the  !!stortei  an!  units*  er*el  seo 

By  combining  the  parallel  compressor  ■‘•voept  w!M,  a  * 
accurate  pre  1 1  ct  !  or.  f  the  :  erf  '-rmanc  e  f  •-.!♦  1st  age 
Inlet  Hstortlor.  has  beer;  achieve!  [a]. 

Till?  analytical  approach,  inelu  1  !r.*r  * !  r~  .*nf*r«t?  .*  !  a! 
applied  to  list  rt!ir  -asej  w !  *  h  a  *  *  r  ♦  i «.  f » r 

Th.e  multiple  segr.en*  parallel  <'  -;r**r.  .*  v  ~  !**',  wh. !  * 
circumferential  T'sn  f!  trie*  ft  •»  »:•.„•!*  var'.a*! 
p  reviles  ur.  !  n  .1 !  v  1  dus  1  Male  ?*  w  !y  .*  -  •»  !e  :*'-•*  ter  * 
!-•  p  re  lie*  !  o*  met  h  Ms  ?•  *  1  Me  r  ..-er !  -  a*  ;  .*  *  f- 

;  :  erf  '»rman'*»  at  llst^r^el  in!**  -  ■>*  1**!  -*  r 

are,  r  f  «r  as  knew*-,  Ihl'e!  *-  ♦  he  -ar**  ‘  *  ;•!':/>- 
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According  to  Eq .  (4)  the  pressure  loss  in  the  hot  sector  of  the  combustor  is  lower  than 
In  the  cold  one.  Therefore  we  get  by  Eq .  (5) 

(8) 


Ht3h 


=  P 


t3c  * 


Now  the  area  ratios  ATN/A..  of*  the  hot  and  cold  sectors  have  to  be  examined.  They  compare 
the  turbine  nozzle  area  used  by  one  sector  flow  with  the  corresponding  compressor  face 
area.  For  critical  nozzle  flow  we  obtain 

(m/f^3/pt3ft,rf,  )h  = 

At  the  considered  rotor  speeds  the  sector  air  flow  can  be  assumed  to  be  proportional  to 
r.  -AjP^j/T^j.  Hence  and  from  equations  (1),  (7)  and  (8)  we  get 

[t7  “ 


(atn  fVh  <  f_ttc 

CATN  /A1,c  MTtlh 


(9) 


crefore  it  can  be  concluded  that  the  hot  sector  is  strongly  narrowing  in  the  combustor 
!  in  the  "ear  compressor  part  especially  after  having  expanded  within  the  first  stage::, 
psrure  has  to  drop  from  cold  to  hot  sector.  Static  pressure  p,.  at  turbine  inlet  'as 
11  as  total  pressure  has  to  be  significantly  lower  thar.the  correspond!  r.z  values 
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can  be  mope  than  25  %  at  high  temperature  distortion  and  Is  caused  by  the  circumferential 
pressure  gradient.  The  expansion  of  the  hot  sector  corresponds  to  a  narrowing  of  the  cold 
sector.  As  a  result  the  compressor  section  of  the  cold  sector  has  a  new  effective  flow 
path,  which  Is  different  to  the  geometry  of  the  present  compressor.  Prom  this  It  Is  to 
be  concluded  that  the  behavior  Is  quite  different  to  that  of  the  totally  undlstorted  com¬ 
pressor.  Even  for  the  undlstorted  sector  the  correlation  of  corrected  rotor  speed,  pres¬ 
sure  ratio  and  corrected  air  flow  of  the  original  compressor  map  Is  Invalid. 

At  high  rotor  speeds  the  air  flow  through  the  compressor  Is  determined  by  the  capacity 
of  the  first  stages.  The  so  called  "undisturbed"  sector  will  get  a  narrowed  flowpath  In 
the  front  part  of  the  compressor  If  there  is  a  temperature  distortion.  The  throttling  of 
the  first  stages  will  be  increased  and  the  airflow  ingested  will  be  shifted  to  lower  va¬ 
lues.  Therefore  It  Is  expected  that  the  operating  point  of  the  cold  sector  Is  shifted 
to  the  left  side  of  the  corresponding  constant  speed  line  of  the  original  compressor 
map,  contrary  to  the  simplified  assumption  of  the  "parallel  compressor  model"  as  depleted 
In  Fig.  1.  The  same  statements  can  be  made  for  the  operating  points  of  the  hot  sector: 

The  corrected  constant  speed  lines  are  shifted  to  higher  corrected  airflows. 

Fig.  6  shows  the  slopes  of  stage  pressure  ratios  and  total  pressures  versus  compressor 
axial  position  considering  the  deviations  of  the  superimposed  flowpath.  The  slopes  of 
the  cold  sector  now  differ  from  those  of  the  undlstorted  compressor.  The  relative  para¬ 
meters  on  the  right  side  illustrate  this  tendency  very  distinctively. 

The  stage  pressure  ratio  of  the  cold  sector  exceeds  somewhat  the  level  of  the  undlstor¬ 
ted  operation  within  the  front  stages.  Due  to  the  narrowing  of  flow  path  they  are  stron¬ 
ger  throttled  in  this  section.  Downstream  of  the  mid  stages  the  "cold"  values  are  be¬ 
low  the  undlstorted  as  the  whole  compression  ratio  decreases  a  little  if  the  compressor 
Inlet  flow  Is  distorted.  In  the  hot  sector  the  stage  pressure  ratios  follow  the  slope 
shown  In  Fig.  4. 

In  Fig.  7  the  static  pressure  is  plotted  versus  the  compressor  axial  position.  In  the 
front  part  static  pressures  exceed  the  values  of  undlstorted  operation  even  In  the  cold 
sector.  As  the  first  stages  are  stronger  throttled  by  the  superimposed  narrowing  of  the 
flow  path  the  Mach  number  level  at  the  compressor  face  is  lower  even  in  this  sector. 

In  the  rear  compressor  part  the  static  pressure  corresponds  to  the  total  pressure  slope 
of  the  cold  sector.  The  lower  Mach  numbers  of  the  Inlet  flow  cause  a  change  of  Inci¬ 
dence  even  in  the  primarily  undisturbed  sector  (Fig.  7  bottom)  und  lead  to  the  small 
increase  of  stage  pressure  ratio  shown  In  Fig.  6. 

All  considerations  are  based  on  the  assumption  that  a  mixing  of  the  distorted  and  the 
undlstorted  flow  through  the  compressor  is  neglegible.  This  assumption  seems  to  be  Ju¬ 
stified  due  to  the  following  reasons  and  if  minor  effects  are  neglected. 

-  Only  within  the  axial  gaps  between  the  blade  rows  the  flow  is  not  ducted 
circumferentially.  These  unducted  distances  sum  up  to  10  to  15  %  only  of 
the  total  compressor  length. 

-  within  the  rotor  blading  the  hot  and  the  cold  stream  lines  mainly  follow 
eachother  on  the  same  tracks.  Between  the  cold  and  the  hot  flow  particles 
of  different  verlocity  kinetic  energy  is  exchanged.  A  mass  exchange  can  be 
neglected . 

Therefore  it  is  to  be  expected  that  even  at  the  compressor  exit  the  hot  sector  will 
have  a  significant  core  that  almost  consists  totally  of  "distorted"  hot  material. 


3.5  PARTIAL  FLOW  SEPARATION  AND  COMPRESSOR  STALL 


From  the  above  considerations  it  can  be  derived  that  -  contrary  to  the  "parallel-com¬ 
pressor  model"  -  the  surge  lines  cannot  be  treated  separately  for  the  distorted  and  for 
the  undlstorted  sector. 

In  Fig.  8  the  flow  conditions  at  the  first  stage  rotor  are  shown  schematically.  Due  to 
the  circumferential  gradient  of  static  pressure  an  asymmetric  flow  field  is  obtained 
already  at  the  rotor  inlet: 

Caused  by  an  increased  deflection  of  the  rotor  flow  within  the  transition  zone  on  the 
left  side  of  the  distorted  sector  the  throttling  of  the  front  stages  is  reduced  In  this 
area.  The  induced  larger  flow  velocity  decreases  the  strong  incidence  of  the  ro¬ 
tor  that  results  from  the  superimposed  circumferential  component  of  the  absolute  velo¬ 
city. 


In  the  transition  zone  from  the  distorted  to  the  undlstorted  sector  -  in  Fig.  8  at  the 
right  boundary  of  the  hot  sector  -  there  will  be  a  lower  total  pressure  rise  In  the 
front  stages  due  to  a  minor  deflection  (lower  Ac  ).  Therefore  the  front  stages  are  stronger 
throttled  In  this  area.  In  combination  with  the  narrowed  flow  path  this  leads  to  lower 
local  inlet  Mach-numbers  M.  and  p./p.0  la  Increased  with  ptl  being  constant.  As  the 
Influences  of  the  reduced  absolute  velocity  and  of  its  c*rcOmferential  component  Induced 


by  the  pressure  gradient  will  nearly  compensate  each  other,  therefore  the  rotor  incidence 
remains  low  in  this  transition  zone.  But  a  strong  Incidence  of  the  following 
stator  will  occur.  As  Fig,  8  shows  this  Is  very  distinct  on  the  hot  side  of  the  transi¬ 
tion  zone  (dotted  velocity  triangles). 


Therefore  it  is  to  be  expected,  that  even  at  high  rotor  speeds  flow  separation  within 
the  hot  sector  will  not  occur  in  the  rear  stages.  As  Fig.  8  shows  the  flow  separates  in 
one  of  the  front  stages  and  there  locally  on  the  right  side  of  the  distorted  sector. 
Downstream  of  the  separation  now  the  superimposed  narrowing  of  the  flow  path  Is  inten¬ 
sified  caused  by  the  larger  pressure  gradient  (Fig.  3).  Due  to  this  the  local  flow  se¬ 
paration  will  normally  not  propagate  into  the  rear  part  of  the  hot  sector. 
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On  the  other  hand  In  the  case  of  sueh  flow  separation,  the  cold  sector  expands  strongly 
within  the  whole  rear  half  of  the  compressor.  In  combination  with  the  described  higher 
throttling  of  the  front  stages  and  with  the  airflow  through  the  cold  sector  being  dimi¬ 
nished  this  may  -  depending  on  the  aerodynamic  design  of  the  compressor  -  lead  to  a  com¬ 
pressor  stall  Induced  by  a  flow  separation  In  the  rear  stages  of  the  primarily  undlstor- 
ted  sector. 

4.  EXPERIMENTAL  INVESTIGATIONS 

The  experimental  Investigations  were  carried  out  on  the  turbojet  engine  ATAR  F  at  the 
test  bed  of  the  Institute  for  Jet  Propulsion  and  Turbomachinery,  Technical  University 
of  Aachen  [15] . 

The  single-spool  ATAR  engine  Incorporates  a  7-stage  axial  compressor,  an  annular  com¬ 
bustion  chamber  and  a  single-stage  turbine.  For  the  investigations  the  exhaust  nozzle 
position  could  be  varied  independently  from  the  engine  control.  The  hub/tlp  ratio  at  com¬ 
pressor  Inlet  Is  0.55.  Some  characteristic  engine  data  at  takeoff  power  (ISA/SLS)  are: 

Rotor  speed  8300  min-1 

Overall  pressure  ratio  4.2 

Air  mass  flow  52  kg/s 

Aerodynamic  design  of  the  compressor  stages: 

Front  stages:  solid  body 

Mid  stages:  constant  reaction  versus  blade  height 

Rear  stage:  free-vortex  design 

4.1  SET-UP  FOR  GENERATION  OF  DEFINED  TEMPERATURE  AND  PRESSURE  DISTORTION 

For  the  simulation  of  defined  circumferential  distortions  a  special  Inlet  duct  was  in¬ 
stalled  In  front  of  the  engine  (Fig.  9) .  This  duct  is  divided  into  quadrants  by  four 
separation  walls.  The  walls  are  fixed  at  the  same  circumferential  position  as  the  four 
struts  at  compressor  Inlet.  Hence,  the  extent  of  the  distortion  Is  exactly  defined  up 
to  the  Inlet  guide  vanes  of  the  compressor  (Fig.  10) .  The  steady-state  total  tempera¬ 
ture  distortion  was  produced  by  the  injection  of  hot  air  Into  the  inlet  air  flow.  There¬ 
fore,  pressurized  air  from  the  central  air  distribution  system  of  the  institute  was 
heated  up  In  a  three-flow  combustion  chamber  operated  by  natural  gas  (Fig.  9).  Passing 
a  distributor  with  electropneumatic  valves  the  hot  air  was  Injected  Into  one  sector  of 
the  Inlet  duct  through  cascades.  The  temperature  distribution  In  the  distorted  sector 
at  compressor  Inlet  was  satisfactorily.  Electromagnetic  bleed  valves  were  synchronized 
with  the  distributor  valves,  so  that  a  contlnous  operation  of  the  gas  combustion  cham¬ 
ber  was  possible. 

By  computer  control  it  was  possible  to  establish  a  certain  level  of  temperature  dl'  v- 
tion  at  harmonized  total  pressures  In  the  distorted  and  the  undlstorted  sector.  Por 
nerating  a  steady-state  total  pressure  distortion  a  screen  was  installed  in  one  sector 
of  the  inlet  duct. 

4.2  MEASURING  TECHNIQUE  AND  DATA  REDUCTION 

A  survey  of  the  measuring  planes  Is  given  In  Fig.  10.  The  compressor  Inlet  (plane  E) 
was  equipped  with  24  rakes.  Each  rake  had  a  thickness  of  1.6  mm  and  Incorporated 
4  measuring  points  at  different  radii.  According  to  the  type  of  distortion  Investiga¬ 
ted  the  Inlet  plane  was  equipped  predominantly  with  temperature  or  pressure  rakes.  Sta¬ 
tic  pressures  were  measured  by  pressure  taps  in  the  compressor  outer  casing. 

Interstage  measurements  were  carried  out  in  two  diametrical  sectors  with  combined 
p^/T. -probes  and  wall  pressure  taps.  The  probes  were  installed  in  front  of  each  rotor. 

Trie  measuring  points  were  positioned  at  60  *  blade  height  In  the  center  of  the  flow- 
path  at  the  exit  of  two  guide  vanes.  To  reduce  the  Interaction  of  the  probes  with  the 
vanea  the  probes  had  only  a  thickness  of  1.5  mm,  so  that  the  blockage  of  the  flow  area 
between  two  vanes  was  less  than  2  1.  Due  to  the  fact  that  the  circumferential  position 
of  the  distortion  changes  by  approximately  120  degrees  in  the  direction  of  rotation 
when  passing  the  compressor,  the  Interstage  probes  were  positioned  in  such  a  manner 
that  they  were  continually  in  the  center  of  the  distorted  respectively  undistorted  sector. 

At  compressor  exit  the  p,/Ti-probes  and  wall  pressure  taps  were  positioned  about  50  mm 
downstream  of  the  guide  Vanes  of  the  last  compressor  stage  between  the  10  struts  (plane  2 
in  Fig.  10)  of  the  compressor  exit  casing.  Due  to  the  very  large  spacing  (36  degrees) 
of  the  struts  compared  to  the  blades  and  vanes,  it  can  be  assumed  that  the  static  pressure 
gradients  which  existed  within  the  boundary  zones  of  the  distorted  sector  at  the  outlet 
of  the  guide  vanes  of  the  last  compressor  stage  are  substantially  attenuated  at  the 
measuring  plane  2. 

To  get  additional  Information  on  the  circumferential  total  pressure  and  total  temperature 
distribution  at  the  inlet  of  the  combustion  chamber  (plane  EB)  14  total  pressure  and 
14  total  temperature  probes  were  Installed  about  100  mm  downstream  of  plane  2  near  the 
fuel  nozzles. 

Due  to  the  great  number  of  measured  values  (more  than  200,  including  144  pressures  and 
63  temperatures)  and  to  realize  short  engine  running  time  because  of  the  high  fuel  cost, 
data  acquisition  wa  carried  out  by  a  computer. 

The  measured  values  with  distortion  were  related  to  the  values  without  distortion  measured 
at  the  same  point  -  without  any  change  of  probe  position  -  and  were  corrected  according 
to  the  actual  environmental  conditions.  Due  to  this  procedure  even  small  changes  of  the 


4-7 


i;  aero-thermodynamic  data  could  be  measured  and  data  scattering  because  of  different  cha- 

%  racteristics  of  the  probes  (e.g.  thermocouples)  was  eliminated.  As  an  example  Pig.  11 

?  shows  the  absolute  values  and  the  changes  of  total  pressures  and  total  temperatures  with 

f  and  without  distortion  versus  circumferential  angle  at  combustion  chamber  inlet. 

5.  EXPERIMENTAL  RESULTS  OF  THE  PRESSURE  DISTORTION  INVESTIGATIONS 
|  The  effect  of  distortion  on  compressor  behaviour  was  investigated  at  three  different 

i'  corrected  speeds  (N  ■  N//r1 1 /288K  )  and  two  different  exhaust  nozzle  positions  (AN>. 

£  Several  tests  with  88S  screens1 C ^8  %  and  55  %  area  blockage)  were  carried  out.  Some  of 

the  results  of  the  investigations  with  the  55  ^-screen  at  high  corrected  speed  and  mini¬ 
mum  exhaust  nozzle  area  (A..  closed)  are  presented  herein.  For  all  other  operating  points 
qualitatively  similar  results  were  obtained. 

i  5.1  DISTORTION  AT  COMPRESSOR  INLET 

The  levels  of  pressure  distortion  (APt  -  -  Pt  ln  and  6o  -  Vt  -  Tt_ln  6Q>  are 

summarized  in  Tab ■  1  for  the  test  points.  The  DCg.-factor  (»Ap.  g_/q)  was  about  0.62 
and  only  less  influenced  by  the  operating  point  6r  the  engine,  rig.  12  shows  the  total 
pressure  and  static  pressure  distributions  at  compressor  inlet  (plane  E)  for  the  selec¬ 
ted  operating  point.  The  total  pressures  are  average  values  of  the  four  radially  distri¬ 
buted  measuring  points  of  each  rake  and  were  related  to  the  values  without  distortion 
(p  /p  ).  The  static  wall  pressures  were  also  related  to  the  corresponding  values 
without ^distortion .  Due  to  the  separation  walls  ln  the  inlet  duct  the  circumferential  ex¬ 
tent  of  the  distortion  at  compressor  inlet  was  3till  90  degrees  and  quite  homogeneous 
within  the  distorted  sector.  This  was  especially  advantageous  for  the  evaluation  of 
Interactions  in  the  boundary  zones  between  the  distorted  and  undlstorted  flow. 


TAB.  1:  Distortion  indices  at  compressor  inlet 


Ncor 

[rain_1J 

an 

Apt 

^1.60 

^t,60 

O' 

closed 

0,051 

0,038 

0,65 

6000 

0,65 

open 

0,055 

0,039 

closed 

0,108 

0,081 

0,61 

7500 

0,084 

0,61 

open 

0,115 

(closed) 

0,140 

0,105 

0,62 

(8000  | 

open 

0,145 

0,109 

0,62 

Assuming  that  the  total  pressure  loss  does  not  really  change  between  plane  E  and  plane 
1  -  in  the  area  of  struts  and  inlet  guide  vanes  -  the  correlation  of  total  pressure 
distribution  (Fig.  12)  and  static  pressure  distribution  (Fig.  15)  gives  information  on 
the  local  changes  of  Mach  number  and  corrected  air  mass  flow  at  compressor  inlet.  In  the 
distorted  sector  the  corrected  air  flow  is  reduced  whereas  in  the  undlstorted  sector 
the  air  flow  is  -  except  for  the  transition  zones  -  almost  unchanged.  The  small  diffe¬ 
rences  in  static  pressure  level  at  plane  E  und  plane  1  are  a  result  of  some  air  mass  flow 
exchange  through  the  axial  gap  between  the  struts  and  inlet  guide  vanes  (Fig.  10). 

Comparing  the  static  pressure  distribution  at  the  inlet  of  the  first  and  third  stage 
(Pgj/Pg*  q)  in  Fig.  13,  the  interactions  between  the  sectors  become  evident.  These  In¬ 
teractions  are  primarily  a  result  of  the  circumferential  pressure  gradients  within  the 

axial  gaps. 

5.2  BEHAVIOUR  OF  THE  COMPRESSOR  WITHIN  THE  DISTORTED  AND  UNDISTORTED  SECTOR 

Fig.  l*j  shows  the  total  pressure  changes  from  compressor  inlet  to  exit  for  the  distor¬ 
ted  and  undlstorted  sector.  The  total  pressures  are  local  values  measured  In  the  center 
of  the  two  sectors.  It  is  demonstrated  that  the  level  of  pressure  distortion  is  substan¬ 
tially  reduced  when  passing  the  compressor.  Throttling  of  the  compressor  in  the  un¬ 
dlstorted  sector  is  slightly  decreased.  The  continuous  increase  ln  total  pressure  ln 
the  distorted  sector  shows  that  none  of  the  seven  stages  has  reached  its  surge  line. 

The  static  pressures  in  Fig.  15  correspond  to  the  total  pressures  and  are  harmonized  in 
both  sectors  at  compressor  exit . 

5.3  DISTORTION  AT  COMPRESSOR  EXIT  AND  EFFECT  ON  ENGINE  BEHAVIOUR 

The  distortion  at  compressor  exit  (inlet  of  the  combustion  chamber)  is  demonstrated  in 

Fig.  16.  Due  to  the  static  pressure  gradient  the  circumferential  extent  of  the  distorted 
sector  was  reduced  to  75  degrees  and  the  offset  of  the  distorted  flow  when  passing  the 
compressor  was  about  120  degrees  In  the  direction  of  rotation,  almost  independent  from 
the  level  of  rotor  speed.  Furthermore,  the  pressure  distortion  at  compressor  inlet  has 
changed  into  a  temperature  distortion  at  compressor  exit. 
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The  asymmetry  of  the  curves  in  Pis;.  16  Indicate  that  the  circumferential  presaure  gra¬ 
dients  at  the  boundaries  of  the  distorted  sector  Influence  the  flow  angle  at  rotor  In¬ 
let.  Therefore,  blade  Incidence  Is  increased  at  the  right  boundary  and  decreased  at  the 
left  where  now  the  total  pressure  minimum  can  be  observed.  Pig.  17  shows  the  attenuation 
o f__pres sure,  distort lon_  and  the  generation  of  temperature  distortion  at  compressor  exit 
(ATfc  60  "  Ttmax  60  ”  Tt^  for  dlfferent  engine  operating  points. 

A  pressure  distortion  at  compressor  inlet  results  In  a  combined  pressure  and  temperature 
distortion  for  the  downstream  engine  components.  Nevertheless  It  should  be  mentioned 
that  the  compressor  exit  distortion  of  a  single  compressor  engine  is  not  necessarily  the 
same  as  the  distortion  at  the  Inlet  of  the  high  pressure  compressor  of  a  twin  compressor 
engine,  because  a  downstream  compressor  causes  a  different  throttling  compared  with  a 
downstream  combustion  chamber  and  turbine. 

Fig.  18  shows  the  compressor  map  of  the  undistorted  compressor  and  the  operating  points 
of  the  distorted  and  undistorted  sector  at  corrected  speeds  of  7500  and  oOOO  min""  and 
at  two  exhaust  nozzle  positions  (open  and  closed).  Although  the  operating  points  of  the 
distorted  sector  (closed  nozzle)  have  reached  the  surge  line  of  the  undistorted  compres¬ 
sor  and  according  to  the  "parallel  compressor  model"  surge  could  have  been  Induced,  no 
surge  was  observed  during  steady  state  operation  nor  at  accelerations.  This  demonstrates 
that  the  characteristic  of  the  undistorted  compressor  cannot  be  used  to  predict  surge  by 
the  position  of  the  operating  point  of  the  distorted  sector  relative  to  the  surge  line 
of  the  undlstorted  compressor.  The  surge  line  of  the  distorted  sector  has  moved  towards 
higher  pressure  ratios  mainly  due  to  the  constriction  of  the  sector  from  90  to  75  degrees. 

6.  EXPERIMENTAL  RESULTS  OF  THE  TEMPERATURE  DISTORTION  INVESTIGATIONS 

The  Investigations  were  carried  out  at  the  same  engine  operating  points  as  the  pressure 
distortion  tests.  The  results  which  are  presented  below  were  obtained  at  N  -8000  min"1 
and  closed  exhaust  nozzle.  These  are  similar  to  those  results  obtained  at  lower  rotor 
speeds  and  at  an  open  position  of  the  exhaust  nozzle.  Three  different  temperature  distor¬ 
tion  levels  were  adjusted  (see  Fig.  19). 

6.1  TEMPERATURE  DISTORTION  AT  COMPRESSOR  INLET 

Fig.  19  shows  the  total  temperature  distribution  versus  circumferential  angle  at 
compressor  Inlet  (plane  E)  and  exit  (plane  EB).  The  temperature  Increase  at  the  bounda¬ 
ries  of  the  distorted  sector  Is  Induced  by  the  separation  walls  In  the  Inlet  duct.  These 
walls  provided  an  almost  exact  limitation  of  the  circumferential  extent  of  the  distortion. 
The  radial  uniformity  within  the  distorted  sector  was  also  satisfactory. 

6.2  DISTORTION  AT  COMPRESSOR  EXIT 

The  lower  part  of  Fig.  19  shows  the  total  temperature  distribution  at  compressor  exit 
(Inlet  of  combustion  chamber).  The  extent  of  the  distorted  sector  is  still  90  degrees 
and  attenuation  of  distortion  level  was  only  about  30  %,  In  parallel  the  pressure  distor¬ 
tion  shown  In  Fig.  20  and  21  was  induced.  The  level  of  pressure  distortion  at  compressor 

exit  Is  about  DCgQ  -0.15  to  O.t. 

6.3  BEHAVIOUR  OF  THE  COMPRESSOR  WITHIN  THE  DISTORTED  AND  UNDISTORTED  SECTOR 

In  Pig-  22  the  total  pressure  changes  in  the  center  of  the  distorted  and  undlstorted  sec¬ 
tor  are  presented.  The  static  pressure  curves  In  Fig.  23  Indicate  that  the  circumferential 
extent  of  the  distorted  sector  Increases  In  the  first  three  stages  and  decreases  In  the 
following  four  stages.  The  extentlon  of  the  distorted  sector  results  In  a  rapid  Increase 
in  stage  pressure  ratios  (Fig,  24 ) .  Therefore,  and  due  to  the  shape  of  the  stage  characte¬ 
ristic  line  the  operating  points  of  the  fourth  and  sixth  stage  are  located  on  the  left 

side  of  the  characteristic  line  more  or  less  near  the  flow  separation  point. 

The  slope  of  the  total  pressure  curve  for  AT  *  90  K  In  Fig.  22  Indicates  an  Increased 
local  flow  separation  at  the  right  boundary  of  the  distorted  sector.  The  impact  of  the 
flow  separation  Is  attenuated  by  the  constriction  of  the  distorted  sector  downstream  of 
the  third  stage.  The  situation  Is  similar  to  the  local  flow  separation  in  the  front 
stages  at  low  rotor  speeds  (rotating  stall)  but  without  rotation  of  the  separated  flow 
cells . 

Ten  bleed  air  taps  are  introduced  In  the  compressor  outer  casing  above  the  guide  vanes 
of  the  fifth  stage.  These  taps  are  connected  by  a  collecting  duct  and  their  circumfe¬ 
rential  position  corresponds  to  the  position  of  the  transition  zone  from  the  distorted 
to  the  undlstorted  sector.  Therefore,  the  reason  for  the  kink  in  the  static  pressure 
curves  of  the  distorted  sector  at  plane  E  6  In  Fig.  23  may  he  an  exchange  of  air  mass 
flow  through  the  collecting  duct. 

The  Interactions  between  the  distorted  and  undlstorted  flow  have  already  been  discussed 
In  section  3-Ji*  Fig.  25  shows  the  static  pressure  distribution  at  compressor  Inlet 
(plane  1).  At  constant  total  pressure  these  curves  give  an  Information  on  the  circum¬ 
ferential  distribution  of  the  corrected  air  mass  flow. 

A  similar  asymmetry  as  for  the  static  pressure  curves  at  compressor  Inlet  can  be  obser¬ 
ved  for  the  static  presaure  curves  at  the  Inlet  of  the  third  stage  (plane  E  3)  In 
Fig.  26.  The  extension  of  the  distorted  sector  from  90  to  110  degrees  is  also  demonstr*- 
ted  in  this  figure.  The  significant  pressure  peak  at  AT  -  90  K  on  the  right  aide  Qf  the 
distorted  sector  causes  together  with  the  total  pressure  decrease  according  to  Pig*  5 
and  8  (minor  flow  deflection)  a  significant  reduction  In  flow  velocity.  The  resulting 
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guide  vane  incidence  is  increased  in  the  area  of  negative  circumferential  pressure  gra¬ 
dients  on  the  right  side  of  the  pressure  peak.  The  pressure  distribution  at  AT  -  90  K 
indicates  that  a  local  flow  separation  has  already  been  induced.  This  also  gives  an  ex¬ 
planation  for  the  increased  throttling  within  the  first  quadrant  at  compressor  inlet  in 
Fig.  25. 

It  can  be  seen  that  the  flow  separation  tendency  within  the  right  boundary  zone  of  the 
hot  sector,  that  has  already  been  discussed  in  section  3. 14  (Fig.  8),  is  transfered  from 
the  distorted  sector  to  the  originally  undistorted  sector  when  the  air  flow  is  passing 
the  front  compressor  stages.  Furthermore,  for  local  flow  separations  the  level  of  maximum 
circumferential  pressure  gradients  often  is  more  critical  than  the  level  of  an  average 
distortion  index. 

6.4  EFFECT  ON  ENGINE  BEHAVIOUR 

Fig.  27  shows  the  operating  points  of  the  distorted  and  undistorted  sector  in  the  map  of 
the  completely  undlstorted  compressor.  The  increased  impact  on  the  flow  in  the  undlstor- 
ted  sector  at  high  compressor  throttling  (nozzle  closed)  becomes  evident.  The  correla¬ 
tion  of  corrected  rotor  speed  and  corrected  air  mass  flow  of  the  completely  undistorted 
compressor  is  no  longer  relevant.  The  level  of  corrected  air  mass  flow  in  the  distorted 
sector  is  significantly  higher  than  that  of  the  undistorted  compressor  at  the  same  cor- 
rected  speed  (Noor>h). 

7.  CONCLUSIONS 

A  procedure  for  a  qualitative  analysis  of  the  impact  of  steady-state  circumferential 
pressure  and  temperature  distortion  on  the  flow  characteristics  within  a  multistage 
compressor  and  of  the  interactions  between  the  distorted  and  undistorted  compressor  flow 
is  described. 

Thi3  qualitative  analysis  was  carried  out  in  advance  of  the  experimental  investigations 
and  of  the  publishment  of  relevant  experimental  results  (pfc-  and  T. -distort ion)  in  the 
literature.  The  theoretical  analysis  revealed  the  deficiency  of  the  parallel  compressor 
model  for  a  multistage  engine  compressor  and  significantly  reduced  the  amount  of  experi¬ 
mental  investigation. 

The  theoretical  analysis  model  was  verified  by  the  experimental  results  discussed  in  this 
paper.  Due  to  a  high  accuracy  measuring  technique  and  the  procedure  of  data  reduction 
even  pressure  and  temperature  changes  of  about  0.1  %  could  be  identified.  Although  a  high 
level  of  pressure  and  temperature  distortion  with  strong  gradients  at  the  boundaries  of 
the  distorted  sector  was  selected  for  the  tests,  no  compressor  surge  could  be  observed. 

It  has  been  demonstrated  that  the  characteristic  of  the  undlstorted  compressor  cannot  be 
used  to  predict  compressor  surge  in  the  case  of  circumferential  pressure  and  temperature 
distortion. 
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Fig-  20:  Pressure  distortion  index  at  the  compressor  exit  related 
to  the  temperature  distortion  index  at  the  compressor 
inlet,  temperature  distortion 
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SUMMARY 

JS 

A  parabolized  Navier-Stokes  code  was  used  to  analyze  a  number  of  diffusers  typical 
of  a  modern  inlet  design.  The  effect  of  curvature  of  the  diffuser  centerline  and 
transitioning  cross  sections  was  evaluated  to  determine  the  primary  cause  of  the  flow 
distortion  in  the  duct.  Results  are  presented  for  S-shaped  intakes  with  circular  and 
transitioning  cross  sections.  Special  emphasis  is  placed  on  verification  of  the  anal¬ 
ysis  to  accurately  predict  distorted  flow  fields  resulting  from  pressure-driven  sec¬ 
ondary  flows.  The  effect  of  vortex  generators  on  reducing  the  distortion  of  intakes 
is  presented.  Comparisons  of  the  experimental  and  analytical  total  pressure  contours 
at  the  exit  of  the  intake  exhibit  good  agreement.  In  the  case  of  supersonic  inlets, 
computations  of  the  inlet  flow  field  reveal  that  large  secondary  flow  regions  may  be 
generated  just  inside  of  the  intake.  These  strong  flows  may  lead  to  separated  flow 
regions  and  cause  pronounced  distortions  upstream  of  the  compressor. 

V 

INTRODUCTION 

The  importance  of  computational  fluid  dynamics  as  an  analysis  tool  for  external 
flow  about  aircraft  and  aerospace  configurations  has  been  illustrated  in  the  literature 
on  numerous  occasions.  Less  clearly  demonstrated,  however,  has  been  the  applicability 
of  computational  methods  for  internal  flows  in  propulsion  systems.  Clearly,  a  need 
exists  for  analyzing  the  components  of  engine  systems.  In  particular,  the  effect  of 
intake  design  on  air  flow  quality  at  the  compressor  face  constitutes  the  initial  step 
required  in  the  overall  flow  analysis.  High  performance  aircraft  frequently  employ 
complex  intake  ducting  which,  in  turn,  leads  to  highly  three-dimensional  flows.  The 
complexity  of  the  intake  may  include  changes  in  curvature,  cross-sectional  area  and 
out-of-plane  bends.  These  geometric  changes  lead  to  cross-stream  pressure  gradients 
which  drive  secondary  flows  along  the  walls,  and  possibly  result  in  strong  vortex  flow 
or  separations.  There  exists  a  critical  need,  therefore,  to  properly  model  and  cal¬ 
culate  the  flow  in  a  variety  of  intake  shapes  in  order  to  ensure  reasonable  flow  qual¬ 
ity  to  the  engine  over  a  wide  flight  range. 

Numerous  approaches  have  been  used  for  the  analysis  of  the  flow  for  intake  ducts. 
Inviscid  computations  coupled  with  a  boundary  layer  analysis  appear  inadequate  to 
describe  the  flow  since  the  boundary  layer  thickness  can  grow  to  be  a  major  portion  of 
the  duct  height.  Euler  solvers  can  yield  the  velocity  field  but  will  not  account  for 
the  viscous  pressure  losses.  Fully  elliptic  Navier-Stokes  solutions  can  provide  an 
accurate  flow  field,  but  require  hours  or  computer  time.  In  addition,  the  grid  size 
that  can  be  efficiently  analyzed  is  limited  by  computer  storage  for  the  full  Navier- 
Stokes  solutions.  Computation  time  becomes  important  in  the  preliminary  design  process 
where  a  large  number  of  intake  configurations  and  operating  conditions  are  analyzed. 
Parabolized  Navier-Stokes  solvers  (PNS) ,  however,  offer  a  considerable  reduction  in 
computer  time  by  making  a  single  pass  through  the  duct.  Coupling  of  the  elliptic 
pressure  field  with  a  fast  PNS  solver  offers  many  desirable  features.  The  PNS  solvers 
are  more  economical  than  the  full  Navier-Stokes  equations  and  less  expensive  to  operate 
on  present-generation  computers.  Most  importantly,  the  PNS  codes  have  been  shown  to 
yield  accurate  predictions  within  their  domain  of  applicability. 

This  paper  presents  a  review  of  the  viscous  analyses  used  by  the  NASA  Lewis 
Research  Center  for  application  to  aircraft  intakes  and  the  ducting  upstream  of  the 
compressor.  The  computer  methods  discussed  are  based  on  the  PNS  equations.  Analytical 
and  experimental  secondary  flow  and  distortion  patterns  are  reviewed  for  subsonic  as 
well  as  high  speed  intakes. 

APPROACH 

The  approach  used  in  this  paper  is  to  review  a  number  of  computational  studies  for 
which  selected  aerodynamic  parameters  have  also  been  measured,  and  to  arrive  at  con¬ 
clusions  regarding  our  predictive  capability  for  intakes.  Three  separate  flow  cases 
will  be  reviewed  in  sequence.  A  brief  description  of  each  study  will  be  presented, 
including,  as  appropriate,  the  intake  geometries,  starting  conditions,  analysis  method, 

?rid  size,  experimental  measurements  and  computational  results  of  pressure  and  veioc- 
ty.  Each  of  the  three  cases  will  be  examined  as  to  the  adequacy  of  the  computational 
scheme  to  predict  reasonable  values.  On  the  basis  of  the  comparison,  an  evaluation  or 
assessment  of  the  predictive  capability  of  the  PNS  solvers  will  be  presented.  In 
addition,  potential  difficulties  aBBOClated  with  the  PNS  codes  will  be  identified. 
Specific  examples  will  also  be  discussed  regarding  the  needs  for  additional  code 
verification. 


The  three  cases  chosen  for  review  involved  an  examination  of: 

(1)  Pressures  and  velocities  for  Intakes  with  centerline  curvature  and  cross-sec¬ 
tional  shape  transitioning  (Ref.  1). 

(2)  Secondary  flows  and  total  pressure  coefficients  for  an  S-duct  with  and  without 
vortex  generators  (Ref.  2). 

(3)  Mach  number  and  secondary  velocities  in  a  Mach  3  inlet,  including  spillage 
effects  (Refs.  3  and  4). 

The  paper  now  proceeds  to  the  Results  section  in  which  the  three  flow  cases  will 
be  discussed  in  sequential  fashion. 

RESULTS 

Centerline  Curvature  and  Cross  Section  Transitioning  (Ref.  1) 

Summary  of  Analysis  Method.  Subsonic  intakes  at  Lewis  are  typically  studied  using 
a  three-dimensional  PNS  computer  code  (Refs.  5  to  7).  This  analysis  is  compressible 
and  fully  viscous.  The  flow  is  computed  by  a  single  sweep  spatial  marching  procedure 
which  solves  an  approximate  form  of  the  Navier-Strokes  equations.  It  is  assumed  that 
the  flow  is  primarily  in  the  direction  of  the  duct  centerline,  with  transverse  second¬ 
ary  flow.  This  allows  two  basic  assumptions  to  be  made.  The  first  is  that  second 
derivatives  in  the  primary  flow  direction  are  negligible.  The  second  is  that  the 
pressure  in  the  primary,  or  streamwise,  momentum  equation  can  be  represented  during  a 
marching  step  by  the  sum  of  a  known  three-dimensional  pressure  field  and  a  one-dimen¬ 
sional  correction  for  viscous  blockage.  A  two-dimensional  pressure  correction  Poisson 
equation  is  also  solved  after  each  step  to  ensure  that  the  computed  velocity  and  pres¬ 
sure  fields  are  consistent.  The  known  three-dimensional  pressure  field  can  be  obtained 
from  any  available  source.  Normally  a  potential  flow  solution  is  used.  When  these 
assumptions  are  applied  to  the  Navier-Stokes  equations,  a  set  of  equations  can  be 
derived  that  can  be  solved  by  forward  marching  in  the  primary  flow  direction.  The 
equations  are  solved  in  a  body-fitted  nonor thogonal  coordinate  system  using  an  implicit 
finite-difference  technique.  The  analysis  has  been  verified  by  comparing  computed 
results  with  benchmark  experimental  data  for  a  variety  of  duct  configurations  and  flow 
conditions  (Refs.  6  to  10). 

Duct  Configurations  and  Inlet  Conditions.  Examples  of  the  types  of  geometries 
studied  with  this  analysis  are  shown  fn  Fig.  1.  These  configurations  were  used  to 
investigate  the  effects  of  centerline  curvature  and  cross  section  transitioning  on  the 
distortion  in  modern  complex  intake  ducts  (Ref.  1).  The  first,  called  the  baseline 
conf iguration,  represents  a  typical  modern  Intake  design.  The  cross  section  is  repre¬ 
sented  by  a  superellipse,  and  transitions  from  nearly  rectangular  at  the  inlet  to 
circular  at  the  exit.  The  exit-to-entrance  area  ratio  is  1.31.  The  other  two  config¬ 
urations  are  derived  from  the  first,  and  were  used  to  isolate  the  effects  of  cross 
section  transitioning  and  centerline  curvature  on  the  flow.  The  second  configuration 
has  the  same  distribution  of  cross  section  shape,  but  with  a  straight  centerline.  The 
third  configuration  has  the  same  centerline  shape  and  area  distribution  as  the  base¬ 
line  configuration,  but  with  a  circular  cross  section. 

Conditions  used  at  the  inlet  were  a  total  pressure  of  800  psf  and  a  Mach  number  of 
0.5.  This  corresponds  to  flight  at  about  28  000  ft  altitude.  An  initial  turbulent 
boundary  layer  thickness  equal  to  4.8  percent  of  the  duct  half  width  was  used  for  the 
baseline  and  straight  centerline  configurations.  For  the  circular  cross  section  con¬ 
figuration  a  thickness  of  5.6  percent  was  used  to  give  the  same  inlet  blockage. 

Computed  Results.  The  effect  of  centerline  curvature  on  flow  distortion  was 
determined  by  analyzing  the  circular  cross  section  configuration  of  Fig.  1(c).  In 
Fig.  2  the  computed  secondary  flow  field  is  shown  at  six  stations  through  the  duct. 

At  the  first  station  the  cross  flow  velocities  are  small.  The  effect  of  the  first  bend 
can  be  seen  at  station  b.  The  core  flow  moves  toward  the  left  side  of  the  duct, 
responding  to  centrifugal  effects.  The  low  energy  boundary  layer  flow  moves  away  from 
the  pressure  side  of  the  duct,  on  the  left,  toward  the  suction  side  of  the  duct,  on  the 
right.  A  vortex  motion  thus  begins  to  develop  but  is  quickly  dissipated,  as  shown  by 
the  results  at  station  c,  when  the  cross  flow  pressure  gradients  reverse  in  the  second 
bend.  At  station  c  the  secondary  flow  in  the  boundary  layer  has  reversed  direction, 
flowing  toward  the  low  pressure  region  now  on  the  left  side  of  the  duct.  By  station  d 
a  pair  of  counter  rotating  vortices  has  formed.  These  persist  into  the  third  bend  and 
continue  to  move  the  low  energy  flow  toward  the  left  side,  of  the  duct.  By  station  e 
the  cross  flow  pressure  gradients  have  again  reversed  direction,  causing  the  formation 
of  an  additional  pair  of  counter  rotating  vortices  in  the  left  half  of  the  duct. 

Theses  two  pairs  of  vortices  interact,  driving  the  low  energy  flow  away  from  the  wall. 

In  Fig.  3  the  distortion  resulting  from  these  secondary  flows  is  shown  in  the  form 
of  constant  total  pressure  contours  at  the  six  stations.  The  total  pressure  values  are 
referenced  to  the  inlet  total  pressure.  The  thickened  boundary  layer  on  the  right  side 
of  the  duct  at  station  c  is  a  result  of  the  vortex  pattern  shown  at  station  b  in 
Fig.  2.  As  previously  described,  these  vortices  dissipate  and  a  new  pair  is  set  up  In 
the  second  bend.  These  persist  into  the  third  bend,  where  another  pair  develops.  The 
two  pairs  of  vortices  Interact,  driving  the  low  energy  flow  away  from  the  wall,  as 
shown  by  the  bulges  in  the  total  pressure  contours  at  stations  e  and  f. 


The  computed  secondary  flow  field  for  the  baseline  configuration  of  Fig.  1(a)  is 
presented  in  Fig.  4.  Even  though  this  duct  has  the  additional  geometric  complication 
of  a  transitioning  cross  section,  the  physics  of  the  flow  are  essentially  the  same  as 
in  the  circular  cross  section  configuration  just  discussed.  The  same  types  of  vortices 
are  present,  and  they  result  in  the  same  type  of  distortion  pattern,  as  shown  by  the 
total  pressure  contours  in  Fig.  3.  This  Indicates  that  for  this  intake  duct  the  effect 
of  the  curved  centerline  on  the  flow  is  much  more  important  than  the  effect  of  the 
changing  cross-sectional  shape. 

To  further  confirm  this,  a  straight  centerline  configuration,  shown  in  Fig.  1(b), 
was  analyzed.  This  duct  has  the  same  distribution  of  cross-sectional  shape  as  the 
baseline  configuration.  As  shown  by  the  computed  total  pressure  contours  in  Fig.  6, 
the  transitioning  cross  section  by  itself  does  not  cause  any  significant  distortion  of 
the  flow. 

It  is  noted  that  a  small  separation  bubble  was  predicted  along  the  right  side  of 
the  duct  between  the  first  and  second  bends  for  both  the  circular  cross  section  and 
baseline  configurations.  This  is  caused  by  the  local  adverse  streamwise  pressure 
gradient  in  this  region.  The  marching  analysis  proceeds  through  this  region  using  the 
"FLARE"  approximation  (Ref.  11).  In  the  PNS  analysis,  this  approximation  is  imple¬ 
mented  by  resetting  the  streamwise  velocity  to  a  small  positive  value  if  it  falls 
below  that  value  during  a  marching  step.  This  stabilizes  the  analysis  and  allows  it 
to  march  through  small  regions  of  separated  flow.  The  flow  details  within  the  recir¬ 
culation  region  are  not  modeled  accurately,  but  if  the  separation  bubble  is  small  its 
effect  on  the  rest  of  the  flow  is  usually  well  modeled. 

Vortex  Generators  in  a  Diffusing  S-Duct  (Ref.  2) 

Summary  of  Analysis  Method.  In  efforts  to  save  weight  and  thereby  fuel,  it  is 
common  to  design  modern  intake  ducts  to  be  as  short  as  possible.  The  designer  must 
therefore  be  concerned  with  the  possibility  of  flow  separation  due  to  a  strong  adverse 
pressure  gradient.  To  alleviate  this  problem,  vortex  generators  are  often  used  as  a 
flow  control  device.  Most  vortex  generators  in  use  today  are  simply  small  wing  sec¬ 
tions  mounted  on  the  inside  of  a  duct  or  on  the  wing  of  an  airplane.  Figure  7  shows  a 
typical  vortex  generator.  The  vortex  generators  are  inclined  at  an  angle  to  the 
oncoming  flow  to  generate  the  shed  vortex.  Also,  the  vortex  generator  is  sized  so  that 
the  tip  lies  just  outside  the  edge  of  the  boundary  layer.  This  allows  for  the  best 
interaction  between  the  shed  vortex  and  the  boundary  layer.  The  vortex  generators  are 
usually  placed  in  groups  of  two  or  more  upstream  of  the  problem  flow  area.  The  vortex 
generator  will  cause  a  mixing  of  the  high  momentum  core  flow  with  the  low  momentum  flow 
in  the  boundary  layer,  resulting  in  a  net  increase  of  momentum  near  the  surface.  This 
can  delay  or  even  eliminate  the  separation  region. 

In  order  to  provide  an  analytical  capability  for  these  flows,  the  PNS  analysis 
discussed  in  the  previous  section  has  been  modified  to  included  a  model  for  vortex 
generators  within  a  duct  flow  field  (Ref.  12).  The  transverse  momentum  equations  in 
the  analysis  are  solved  using  a  stream  function  -  vorticity  formulation.  The  vortex 
generator  model  takes  advantage  of  this.  The  shed  vortex  is  modeled  by  introducing  a 
source  term  into  the  vorticitv  transport  equation  that  is  a  function  of  the  vortex 

?enerator  characteristics.  The  effect  of  the  drag  of  the  vortex  generator  is  also 
ncluded  in  the  model.  The  drag  on  the  wing  section  is  a  combination  of  profile  drag, 
which  is  due  to  viscous  and  pressure  effects,  and  induced  drag,  which  is  due  to  the 
shed  vortex.  In  this  model  the  profile  drag  of  the  vortex  generator  is  neglected  in 
comparison  to  the  Induced  drag  because  in  the  cases  studied  here  the  generators  were 
small.  The  induced  drag  is  then  proportional  to  the  vortex  strength  and  the  crossflow 
velocity  at  a  point.  This  term  is  included  in  the  governing  equations  as  a  negative 
source  term  in  the  primary  momentum  equation. 

Duct  Configuration  and  Inlet  Conditions.  Figure  8  shows  a  circular  cross 
sectioned  30*  -  30"  S-bend  diffuser  that  was  tested  experimentally  both  with  and  with¬ 
out  vortex  generators  (Refs.  13  and  14).  For  the  cases  with  vortex  generators,  three 
pairs  were  placed  well  upstream  of  the  separation  point.  The  axial  location  is  indi¬ 
cated  in  Fig.  8.  They  were  set  at  incidence  angles  of  ±16°  to  form  three  pairs  of 
counter  rotating  vortices.  They  were  placed  along  the  inside  of  the  bend  at  azimuthal 
locations  of  -38.0°,  0.0°,  and  +38.0®,  as  measured  from  the  inside  of  the  bend.  The 
flow  in  this  duct  was  turbulent  with  a  Mach  number  of  0.6  and  a  Reynolds  number  based 
on  the  duct  diameter  of  1  760  400.  The  initial  conditions  were  measured  at  1.63  duct 
diameters  upstream  of  the  first  bend  to  remove  the  influence  of  the  bend  on  the  static 
pressure.  The  initial  boundary  layer  thickness  was  0.1  times  the  initial  duct  radius 
and  the  area  ratio  was  1.31. 

Computational  and  Experimental  Results.  Figure  9(a)  shows  the  computed  total 
pressure  coefficient  contours  at  six  stations  in  the  duct  for  the  case  without  vortex 
generators.  The  inlet  values  were  used  as  the  reference  conditions  in  computing  the 
total  pressure  coefficient. 

Figure  9(b)  shows  the  experimental  results.  The  maximum  and  minimum  values  at 
each  streamwise  station  are  shown  on  the  figure.  Comparing  the  computed  and  experi¬ 
mental  results  indicates  that  the  analysis  is  able  to  adequately  predict  the  total 
pressure  distortions  for  the  duct.  A  separated  flow  region  exists  in  both  the  experi¬ 
mental  and  computed  results  along  the  lower  surface  near  the  Inflection  point  between 
the  two  bends.  Although  the  computed  results  in  the  separated  region  will  not  be  cor¬ 
rect  because  of  the  "FLARE”  approximation,  the  global  effect  of  the  separated  region 
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la  well  modeled.  The  comparison  also  shows  that  at  0  »  30° t  the  fourth  contour 
plot,  the  experimental  results  indicate  s  larger  separated  region.  In  the  exper¬ 
iment  the  streamwise  separated  region  was  found  to  be  between  0  •  22®  and  0  ■  44®, 
while  in  the  computation  the  separated  region  was  between  0  -  30*  and  s  *  54°. 
Figures  10  and  11  show  comparisons  between  the  computed  and  experimental  secondary 
velocity  profiles  at  the  inflection  plane  and  at  tne  bend  exit.  The  agreement  between 
the  two  results  is  very  good*  At  the  inflection  point  the  vortex  due  to  the  curvature 
of  the  centerline  is  evident  in  both  plots.  Also  at  the  inside  of  the  first  bend  the 
separated  region  can  be  seen  in  the  experimental  results,  by  the  region  with  no  data. 
In  the  computed  results  the  onset  of  separation  is  also  evident  where  there  is  minimal 
secondary  flow.  At  the  bend  exit  both  results  in  Fig.  11  show  that  the  separated 
region  is  gone  by  the  large  amount  of  flow  being  swept  toward  the  outside  of  the  sec¬ 
ond  bend.  These  results  differ  from  those  of  a  nondiffusing  circular  cross  section 
S-bend,  where  the  vortex  due  to  the  centerline  curvature  is  strengthened  in  the  second 
bend. 


Figures  12(a)  and  (b)  show  the  computed  and  experimental  total  pressure  coeffi¬ 
cients  in  the  S-bend  fur  the  case  with  vortex  generators.  Again  the  maximum  and  mini¬ 
mum  values  are  shown  at  each  streamwise  station.  At  the  0  -  15°  point  the  effect 
of  the  vortex  generators  is  evident  in  the  contours.  The  computed  results  compare 
qualitatively  well  with  the  experimental  results.  In  both  sets  of  contours  the  dis¬ 
tortion  caused  by  the  generators  is  pushed  toward  the  outside  of  the  first  bend, 
opposed  to  the  pressure  driven  secondary  flow.  The  total  pressure  values  in  these 
contours  are  higher  than  in  those  of  Figs.  9(a)  and  (b)  near  the  inside  wall.  This 
indicates  that  the  vortex  generators  successfully  mixed  the  high  energy  flow  with  the 
low  energy  flow  to  suppress  the  separation.  Although  the  contours  in  Figs.  12(a)  and 
(b)  still  show  a  very  distorted  flow,  the  difference  between  the  maximum  and  the  mini¬ 
mum  values  is  much  less  here  than  in  the  duct  without  vortex  generators.  Figures  13 
and  14  show  the  secondary  flow  development  at  the  inflection  plane  and  at  the  duct 
exit.  In  the  experimental  results  at  the  inflection  plane,  the  vortices  due  to  the 
pressure  driven  secondary  flow  hjve  washed  out  the  vortices  from  the  vortex  generators 
except  near  the  inside  of  the  first  bend.  The  contour  plot  indicates  that  in  this 
region  there  mey  still  be  some  interaction  between  the  vortex  generator  vortices  and 
the  ones  induced  by  the  pressure  difference.  The  computed  results  at  the  inflection 
point  show  that  all  of  the  vortices  have  been  washed  out  by  the  pressure  driven  sec¬ 
ondary  flow.  This  is  why  the  distorted  region  in  the  experimental  results  moves  more 
toward  the  outside  of  the  bend  than  in  the  computed  results.  At  the  exit  of  the  bend 
both  the  experimental  and  computed  results  indicate  less  secondary  flow  toward  the 
outside  of  the  second  bend  than  without  the  vortex  generators.  Also  near  the  walls 
they  indicate  more  flow  back  toward  the  inside  of  the  second  bend.  The  experimental 
results  show  a  higher  level  of  flow  toward  the  outside  of  the  bend  in  the  core  flow 
than  do  the  computed  results. 

High  Speed  Inlet  (Refs.  3  and  4) 

Analysis  Method.  A  three-dimensional  supersonic  viscous  marching  analysis  was 
used  In  this  study.  The  code  solves  the  PNS  equations  for  supersonic  flow  by  a  lin¬ 
earized  block  implicit  scheme  (Ref.  15).  The  code  has  been  extensively  verified  at 
Lewis,  with  particular  emphasis  on  the  calculation  of  the  glancing  shock /boundary  layer 
interaction  (Ref.  16).  The  work  has  demonstrated  the  numerical  capability  to  real¬ 
istically  model  the  complex  three-dimensional  phenomena  occurring  in  this  interaction. 
The  work  In  Ref.  16  also  established  the  importance  of  grid  resolution  in  modeling  this 
interaction. 

Intake  Configuration.  A  schematic  drawing  of  the  mixed  compression  intake  is 
shown  in  Fig.  15.  This  inlet  was  originally  designed  using  the  method  of  character¬ 
istics  with  the  surfaces  corrected  for  boundary  layer  displacement  effects.  It  is  rec¬ 
tangular  in  cross  section  and  has  a  pre-compress  ion  ramp  and  three  compression  ramps 
external  to  the  cowl.  Operation  at  angle  of  attack  generates  a  shock  wave  at  the 
leading  edge  of  the  pre-compression  plate.  The  pre-compression  and  ramp  shocks  were 
designed  to  fall  outside  the  cowl  lip  at  the  design  Mach  number  of  5.0.  The  shock 
generated  at  the  cowl  lip  is  cancelled  at  the  ramp  shoulder  and  the  cowl  is  contoured 
to  provide  further  internal  compression.  A  swept  sideplite  runs  from  the  leading  edge 
of  the  pre-compression  piste  to  the  leading  edge  of  the  cowl  to  minimize  the  drag  gen¬ 
erated  by  compressed  flow  spilling  over  the  sides. 

Two-Dimensional  Computed  Results .  The  PNS  code  was  initially  run  two-dimen- 
sionally  at  a  free  stream  Mach  number  of  5.0,  angle  of  attack  of  9.0®,  and  a  Reynolds 
number  of  2.5x10®.  Fig.  16  shows  the  computed  Mach  number  profiles  at  various  posi¬ 
tions.  Proper  cancellation  of  the  cowl  shock  at  the  shoulder  is  observed  in  spite  of 
the  extremely  large  displacement  correction.  The  figure  also  shows  the  extremely  thick 
boundary  layer  that  forms  on  the  ramp  surface;  i.e.,  abo  t  1/3  of  the  flow  into  the 
inlet  is  boundary  layer.  Near  the  inlet  throat,  the  two  boundary  layers  are  merged. 
Predictions  of  static  pressure  rise  and  total  pressure  loss  through  the  compression 
system  agree  well  with  method  of  characteristic  results  corrected  for  boundary  layer 
effects. 

Three-Dimensional  Computed  Results.  The  Mach  5.0  inlet  described  in  a  previous 
see t ion  waa^ana\yze<r^three-d  t mens  tonally  using  the  PNS  analysis  program.  The  free 
stream  conditions  for  the  three-dimensional  case  were  the  same  as  those  in  the  two- 
dimensional  inlet  case.  The  computations  were  performed  on  an  80  by  60  croas-aect ional 
grid,  which  corresponds  to  the  levels  of  grid  reaolution  required  for  accurate 
modeling  of  glancing  shock  boundary  layer  interactions  (Ref.  16).  The  tnviacid  Mach 
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number  aft  of  Che  pre-compress  ion  shock  is  on  Che  order  of  4.0,  which  is  very  close  Co 
our  esCablished  data  base. 

The  resulCs  from  Che  Chree-dlmensional  calculation  are  presenCed  in  Figs.  17  Co 
20.  At  Che  Cop  of  each  figure  is  a  schematic  of  Che  inlet,  with  the  location  of  the 
cross-sectional  plane  given  by  a  vertical  line  and  a  prescribed  distance  from  the  inlet 
leading  edge.  The  bottom  of  the  figure  shows  the  flowfield  in  a  cross  section  of  the 
inleC;  Che  ramp  surface  is  at  Che  bottom,  the  cowl  surface  at  the  top,  and  sldeplates 
are  on  both  sides.  Because  of  flow  symmetry,  only  half  of  the  inlet  was  cslculated. 

The  left  side  of  che  figure  shows  Mach  number  contours,  while  the  right  side  shows 
secondary  velocity  within  the  cross-sectional  plane.  The  figures  proceed  from  a  loca¬ 
tion  just  downstream  from  the  inlet  leading  edge  to  a  location  Inside  the  cowl  near  che 
throat.  On  the  solid  surface  of  the  ramp,  cowl  and  sideplate,  one  will  note  the 
development  and  growth  of  the  boundary  layer  by  a  concentration  of  Mach  contours  near 
these  surfaces.  Shock  waves  are  noted  by  a  concentration  of  Mach  contours  away  from 
the  solid  surfaces.  They  can  also  be  detected  by  an  abrupt  change  in  the  secondary 
velocity  vectors.  In  this  calculation,  the  compression  shocks  and  the  Mach  contours 
are  parallel  to  the  ramp  and  cowl  surfaces. 

entering  the  region  of  the  compression  ramps.  Fig.  17  shows  the  flowfield  just 
downstream  or  the  first  ramp.  The  shock  generated  by  this  ramp  is  evident  in  the  Mach 
contours;  near  the  center  of  the  flowfield  this  shock  is  fiat  while  near  the  sideplate 
the  shock  forms  a  characteristic  X  as  it  interacts  with  the  boundary  layer  of  the 
sideplate.  In  the  secondary  velocity  vectors,  one  sees  a  cross  flow  being  Induced 
along  the  sideplate  and  feeding  forward  of  the  inviscid  shock  location.  Near  the  cowl 
lip,  the  flow  field  appears  as  Fig.  18.  The  secondary  velocity  vectors  also  show 
extremely  strong  flow  along  the  sideplate,  while  the  Mach  number  contours  show  the 
sideplate  boundary  layer  to  be  highly  distorted.  The  boundary  layer  has  been  thickened 
in  the  vicinity  of  the  shock  waves  and  thinned  in  the  corner  formed  by  the  ramp  and 
sideplate.  The  secondary  velocity  vectors  show  flow  being  drawn  along  the  ramp  sur¬ 
face  into  this  corner.  The  boundary  layer  along  the  ramp  surface  Is  quite  thick  and 
corresponds  to  the  thickness  predicted  in  the  two-dimensional  calculat ions .  The  strong 
secondary  flows  Induced  by  the  multiple  shock  interactions  persist  even  though  the 
shock  waves  have  left  the  flow  domain  over  the  cowl.  The  flowfield  from  the  inlet 
leading  edge  to  the  cowl  lip  has  been  shaped  by  the  thick  boundary  layer  that  grows  on 
the  ramp  and  sideplate  and  the  multiple  snock  interactions  that  occur  on  the  sideplate 
due  to  the  compression  ramps.  The  flow  is  highly  three-dimensional  at  the  cowl  lip 
with  low  energy  boundary  layer  flow  being  swept  up  along  the  sideplate.  As  the  flow 
enters  the  cowl,  Fig.  19  shows  that  a  shock  wave  is  generated  by  the  cowl  lip.  This 
shock,  indicated  by  the  horizontal  lines  in  the  Mach  contours,  mo\es  down  through  the 
flow  field  as  shown  in  Fig.  20.  The  strong  secondary  flow  moving  up  the  sideplate 
encounters  the  internal  cowl  surface  and  the  secondary  velocity  vectors  indicate  that 
this  flow  turns  through  the  corner  formed  by  the  cowl  and  sideplate.  Figure  20  shows 
that  two  things  happen  as  the  secondary  flow  turns  this  corner;  first,  the  secondary 
flow  rolls  up  into  a  vortex,  and  second,  the  low  energy  flow  is  concentrated  in  the 
corner.  The  Internal  surface  of  the  cowl  has  been  shaped  to  further  compress  the  flow. 
As  the  low  energy  flow  in  the  corner  is  subjected  to  the  adverse  pressure  gradient 
created  by  this  turning,  a  large  separation  occurs.  The  last  calculated  cross  section 
is  shown  in  Fig.  20.  The  shock  from  the  cowl  is  about  to  hit  the  ramp  surface,  while 
the  large  separation  region  exists  in  the  corner.  The  secondary  flow  has  rolled  into 
a  vortex  near  the  sideplate,  while  along  the  ramp,  flow  continues  Into  the  corner. 

Even  though  the  FLARE  approximation  was  employed,  the  magnitude  of  the  separation 
was  so  severe  that  the  analysis  did  not  march  further.  The  existence  of  a  large  sep¬ 
aration  in  the  corner  of  the  inlet  would  probably  trigger  an  inlet  unstart  at  these 
conditions.  Even  if  the  inlet  remained  started,  the  existence  of  the  vortex  near  the 
sideplate  and  the  distortion  of  the  sideplate  boundary  layer  as  shown  in  Fig.  20  would 
pose  major  problems  for  the  propulsion  system. 

Experimental  Observations.  A  subscale  model  of  the  Mach  5  inlet  was  tested  at 
Lewis.  Figure  21  shows  oil  flow  results  which  indicate  that  the  flow  near  the  ramp 
surface  is  drawn  in  towards  the  sldeplates.  This  figure  shows  velocity  vectors  on  the 
surface  of  the  ramp  from  the  third  ramp  to  the  cowl.  In  the  lower  left  corner  of  the 
figure  the  computed  velocity  vectors  near  the  ramp  surface  are  shown.  The  velocity 
vectors  also  indicate  that  flow  is  drawn  in  toward  the  sideplate  because  of  the 
glancing  sidewall  boundary  layer  interactions.  This  is  the  first  qualitative  verifi¬ 
cation  of  the  results  of  the  Mach  5.0  inlet  study. 

Additional  confirmation  of  the  strong  secondary  flow  patterns  computed  for  the 
inlet  may  be  found  in  Ref.  17.  In  Ref.  17,  a  two-dimensional  mixed  compression  Mach 
3.05  intake  was  experimentally  tested.  Total  pressure  measurements  were  obtained  at  a 
number  of  stations  within  the  inlet.  Figure  22  shows  total  pressure  contours  down¬ 
stream  of  the  normal  shock  which  clearly  indicate  vortex-llke  flow.  These  measured 
flow  contours  yield  further  qualitative  confirmation  of  the  PNS  computed  results 
described  above. 

Sideplate  Spillage  Computations  Further  development  of  the  PNS  solver  (Ref.  4) 
has  yielded  the  capability  of  analyzing  the  flow  spilled  over  the  Intake  side  plates. 
Initial  results  obtained  are  shown  in  Figs.  23  and  24.  The  static  pressure  distribu¬ 
tion  both  upsteam  and  downstream  of  the  cowl  are  shown. 


CONCLUSIONS 


Computer  results  of  the  flow  distortion  and  total  pressure  variation  in  complex 
Intakes  were  reviewed.  The  analyses  were  performed  using  parabolized  Navier-Stokes 
marching  analyses.  The  first  set  of  results  were  for  intakes  with  centerline  curvature 
and  cross-sectional  transitioning.  It  was  concluded  that  the  distortions  and  losses 
in  the  S-shaped  duct  were  primarily  related  to  the  centerline  curvature,  whereas  the 
transitioning  cross  section  had  little  effect  on  flow  quality  and  pressure  loss.  The 
second  set  of  results  reviewed  were  for  a  diffusing  S-duct  with  subsonic  entrance  flow. 
Numerical  analysis  of  the  flow  was  performed  both  with  and  without  vortex  generators 
located  near  tne  entrance  of  the  diffuser.  The  generators  were  found  to  be  computa¬ 
tionally  effective  in  suppressing  the  flow  separation  that  occurred  previously. 

Although  flow  distortion  was  not  eliminated,  the  difference  between  the  maximum  and 
minimum  total  pressure  at  the  compressor  face  was  significantly  reduced.  The  computed 
results  compared  favorably  with  the  experimental  data.  Further  analytical  refinements 
are  needed  to  improve  the  vortex  generator  model  in  the  analysis. 

The  final  set  of  results  presented  were  for  a  Mach  5.0  intake.  Both  a  two-dimen¬ 
sional  and  a  three-dimensional  version  of  a  supersonic  PNS  code  were  run.  The  two- 
dimensional  version  verified  the  original  method  of  characteristics  design,  while  the 
three-dimensional  version  revealed  entirely  new  information  relative  to  the  nature  of 
the  flow.  High  amounts  of  distortion,  strong  secondary  flows  and  flow  separation  were 
computed  in  the  supersonic  intake.  These  phenomena  are  caused  by  thick  boundary  layers 
which  develop  on  the  inlet  surfaces  and  their  interaction  with  the  shock  waves  of  the 
compression  system.  The  results  from  these  calculations  indicate  that  the  sldeplates 
require  redesigning.  In  addition,  provisions  for  bleeding  the  sideplate  and  the  corner 
may  be  required  to  improve  flow  quality.  In  that  case,  a  compromise  would  be  necessary 
between  recovery,  distortion,  spillage  drag  and  bleed  drag.  Limited  experimental  data 
provided  some  verification  of  the  occurrence  of  secondary  flows  in  the  intake. 
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(b)  Straight  canterline. 


(c)  Circular  cross -section 
Figure  1.  -  Inlet  configurations. 


L£FT 


Ftp**  1  -  CMtM*  cm*  ttrvM  wtadtto  In  ctttutor  cmimcSwi  (Dnftauraltofl,  M  ■  CL  5. 


i. 


5-8 


LOT 


Figure  3.  -  Computed  total  pressure  contours  in  circular  cross-section  configura¬ 
tion.  M  ■  0. 5.  6  -  0. 05d,  50*50x105  mesh. 
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BOTTOM 


Figure  5.  -  Computed  total  pressure  contours  in  baseline  configuration, 
M  ■  0.5,  6  •  0.048,  5Qx5Cbcl05  mesh. 
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Figure  6.  -  Computed  total  pressure  contours  in  straight  centerline  config¬ 
uration,  M  -0.5,  6-0.048,  50*50x105  mesh. 
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Figure  7.  -  A  typical  vortex  generator. 
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Figure  10.  -  Comparison  of  secondary  flow  at  the  Inflection  plane  for  S-duct  without  v.g.’s. 
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Figure  11.  -  Comparison  of  secondary  flow  at  the  exit  olane  for  S-duct  without  ».g.'s. 
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Figure  13.  -  Comparison  of  secondary  flow  at  the  inflection  plane  for  S-duct  with  v.g.'s. 
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Figure  IE  -  Comparison  of  secondary  flow  at  the  exit  plane  for  S-duct  with  v.  ".'s. 


Figure  15.  -  Meet)  5. 0  Hypersonic  Inlet  Geometry. 
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Figure  U.  -  Shock  structure  end  2D  Mach  numter  profiles. 
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Figure  19.  -  Mach  number  contours  and  secondary  velocity  vectors  aft  of  cowl 
lip. 
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Figure  20.  -  Mach  number  contours  and  secondary  velocity  vectors  at  corner 
separation. 
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DISCUSSION 


J.Fabri,  Fr 

Pourriez  vous  presenter  ce  papier  a  nouveau  dans  la  partie  “B"  de  cette  reunion  de  specialistes  ou  de  nombreux 
chercheurs  en  “ondes  de  choc’’  seront  presents? 

Author’s  Reply 

I  would  be  pleased  to  repeat  the  portion  of  the  paper  dealing  with  the  supersonic  inlet  and  shock  structure  in  the 
second  panel  (Part  B)  of  the  Specialists’  Conference.  In  addition.  I  will  also  present  some  results  obtained  for  a  Mach 
7.4  inlet  configuration. 


G.Winterfeld,  Ge 

You  showed  in  this  S-shaped  duct,  which  has  the  offset,  that  you  had  separation  on  the  first  part  of  the  inner 
curvature.  Would  you  think  that  this  separation  is  caused  only  by  the  secondary  flows?  Could  you  please  comment  on 
the  contribution  of  the  side- wall  boundary  layer? 

Author’s  Reply 

I  believe  the  separation  is  caused  by  the  geometry,  not  by  the  secondary  flows.  The  secondary  flows  interact  with  that 
separated  region  to  give  some  resulting  pressure  distortion  downstream,  but  it  is  primarily  the  geometric  design  that 
creates  the  problem,  as  you  suggested. 

A  similar  S-duct  was  tested  experimentally,  which  had  no  diffusion.  In  that  duct,  the  secondary  flow  pattern  was 
similar  to  the  one  in  the  present  paper,  and  no  separation  was  detected. 


G.WinterfcW,  Ge 

Have  you  tried  to  predict  this  separation  with  a  normal  boundary  layer  code? 

Author's  Reply 

For  this  particular  problem  of  the  diffusing  S-duct  we  have  not  tried  to  use  a  boundary  layer  approach.  It  could  be 
used,  although  the  PNS  analysis  used  here  does  not  employ  as  many  approximations  in  the  governing  equations,  and 
therefore  should  give  a  better  prediction  of  the  boundary  layer  behaviour.  I  do  not  believe  that  a  boundary  layer 
analysis  would  give  a  good  prediction  of  the  extent  of  the  separated  region. 


D.D.Williams,  UK 

I  would  be  interested  to  know  whether  yoi  can  speculate  on  the  ability  of  the  approach  to  model  an  S-bend  subsonic 
diffuser  with  offset  and  a  heavy  one-sided  separation  at  inlet  —  as  this  appears  to  be  the  source  of  bulk  swirl  affecting 
engine  stability  —  discussed  this  morning. 

Author’s  Reply 

If  the  separation  is  “big”,  the  parabolised  analysis  would  not  be  able  to  march  through  the  region  As  far  as  starting  the 
calculation  with  a  separated  initial  profile,  the  analysis  would  not  be  able  to  handle  that  either.  T7  is  type  of  problem 
would  need  a  full  Navier-Stokes  analysis  and  the  solution  would  need  to  be  started  upstream  of  the  separated  region. 

A  possibility  exists,  however,  that  if  one  were  to  model  around  the  separated  region  of  the  inlet,  ie  treat  the  separation 
as  a  zone  of  zero  flow,  then  the  PNS  analysis  with  proper  inlet  conditions  might  be  able  to  compute  the  flow  field. 
Offset  bends,  of  themselves,  do  not  present  computational  difficulties. 


J.Hourmouziadis,  Ge 

The  parabolised  model  used  in  your  investigation  cannot  be  applied  to  cases  with  reverse  flow.  How  did  you  cope 
with  this  problem  in  the  high  supersonic  intake  example  in  the  vicinity  of  the  shock/boundary  layer  interaction  of  the 
side  wall? 

Author’s  Reply 

The  PNS  model  used  to  calculate  the  high-speed  inlet  incorporates  a  FLARE  model  in  the  vicinity  of  flow  separation. 
This  model  was  originally  developed  by  Reyhner  and  Flugg-Lotz,  in  1 968  Int  Jour  of  Non-Linear  Mechanics.  The 
model  assumes  that  the  recirculation  is  small  compared  to  the  dimensions  of  ’he  inlet.  Within  the  recirculation,  the 
negative,  stream  wise  convective  velocity  is  overwritten  by  a  small  positive  value  and  the  solution  is  marched  as  usual. 
The  solution  may  continue  to  produce  negative  stream  wise  velocities,  which  require  the  FLARE  approximation  to  be 
used  at  the  next  marching  station.  When  compared  with  experimental  results,  we  have  found  the  FLARE  model  to 
accurately  reproduce  the  displacement  effects  of  separation  on  the  external  flow,  but  it  does  not  properly  model  the 
details  of  the  recirculation  region  itself,  particularly  the  upstream  influence.  For  small  separation  regions  within  the 
inlet,  this  model  is  accurate;  for  details  within  a  large  separated  region,  it  is  inadequate. 
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PfeJtaaette,  Fr 

For  a  supersonic  intake  at  a  free-stream  Mach  number  of  S.O,  what  is  the  average  Mach  number  at  the  entrance  of  the 
engine?  Have  you  done  similar  calculations  at  higher  Mach  number,  and  what  is  the  evolution  of  the  Mach  number  at 
the  entrance  of  the  engine  (which  is  then  a  scramjet)? 

Author’s  Reply 

For  the  Mach  5.0  inlet,  the  Mach  number  at  the  end  of  the  calculation  was  in  the  order  of  1 .3.  The  calculation 
procedure  will  only  handle  the  supersonic/hypersonic  part  of  the  inlet  system.  In  the  actual  inlet,  the  flow  just 
downstream  of  the  throat  would  encounter  a  normal  shock  and  then  pass  on  through  the  diffuser  to  the  ramjet  burner. 
The  Mach  number  at  the  entrance  to  the  burner  would  probably  be  on  the  order  of  0.6. 

The  PNS  code  which  has  been  used  to  calculate  the  Mach  5.0  inlet  is  now  being  modified  and  tested  for  higher  Mach 
numbers.  At  Mach  numbers  greater  than  5.0,  the  real  gas  effects  associated  with  heating  the  flow  become  quite 
important.  Models  to  acount  for  real  gas  chemistry  are  being  incorporated  in  the  PNS  inlet  code.  The  code  has  been 
used  to  calculate  flow  in  a  Mach  7.4  inlet  and  these  results  will  soon  be  presented  at  the  A1AA  Reno  conference. 

Ph.Ramette,  Fr 

Have  you  made  comparisons  between  your  Navier-Stokes  calculations  and  other  models  like  LES  (Large  Eddy 
Simulation)? 

Do  you  think  that  LES  models,  which  are  used  mainly  for  the  combustor,  could  be  used  for  inlet  flow  calculation? 

Author’s  Reply 

No  comparison  has  been  made  between  results  of  the  Lewis  PNS  calculations  and  Large  Eddy  Simulation  (LES) 
calculations.  The  verification  of  the  codes  has  concentrated  on  comparison  with  experimental  data  obtained  from 
benchmark  experiments.  A  thorough  description  of  the  verification  process  and  the  associated  experiments  was  given 
by  Anderson  at  the  A1AA  22nd  Aerospace  Sciences  Meeting  as  NASA  TM  83558.  LES  work  at  NASA  Lewis  chiefly 
concerns  the  combustor  problem.  Because  of  the  long  run  times  associated  with  LES  calculations,  this  method  would 
probably  not  be  suitable  for  full  inlet  calculations.  The  resolution  of  the  multiple  phenomena  present  in  the  inlet  (shock 
waves,  boundary  layers,  shock/boundary  layer  interaction,  boundary  separation,  recirculation,  reattachment,  three- 
dimensional  effects)  demands  large,  high-speed  calculations.  The  optimum  solution  to  this  resolution  problem  has  been 
the  use  of  PNS  codes,  given  the  current  computing  speed  and  size. 


R.LeBoeuf,  Fr 

What  is  the  lowest  Mach  number  you  could  handle  with  your  code? 

Do  you  have  any  special  treatment  for  the  points  located  very  near  to  the  wall  (that  is,  to  say  in  a  subsonic  zone)? 

Author's  Reply 

In  regard  to  the  near-wall  treatment,  the  supersonic  PNS  code  does  have  special  logic  for  solution  of  the  flow  equations 
in  the  subsonic  part  of  the  boundary  layer  This  region  is  assumed  to  be  small  in  a  supersonic  inlet,  so  within  the 
calculations,  a  boundary  layer  type  model  is  employed.  The  pressure  is  imposed  from  the  edge  of  the  subsonic  part  of 
the  boundary  layer,  and  the  flow  is  assumed  to  be  parallel  to  the  nearest  wall.  In  regard  to  the  lowest  Mach  number 
calculated,  the  supersonic  PNS  code  has  been  run  in  a  nozzle  mode  where  the  calculation  begins  near  the  throat  of  the 
nozzle.  A  free-stream  Mach  number  of  1 .05  worked  the  best  for  this  case;  smaller  free-stream  Mach  numbers 
sometimes  encountered  small  wavelettes  from  the  wall  boundary  which  produced  embedded  subsonic  packets  and  the 
solution  would  become  unstable. 

The  main  part  of  the  flow  field  must  remain  supersonic,  without  embedded  subsonic  regions,  for  code  stability. 


if. 


H.Kordulla,  Ge 

Comment:  Having  100  points  in  the  “wall-normal"  direction  should  result  in  more  than  1  point  within  sublayer 
(t*  <  5—10)? 

Question:  Could  you  comment  further  on  the  method  used?  (1  understand  that  the  NS  equations  are  used  in  steady- 
state  form  in  a  space-marching  manner.  Do  you  experience  any  problems  with  the  choice  of  the  size  in  the 
marching  step?  How  do  you  treat  the  gradient  term  in  the  marching  direction  in  super-  and  hypersonic 
flow?) 

Author’s  Reply 

For  detailed  inlet  calculations,  one  must  resolve  boundary  layers  on  both  top  and  bottom  surfaces  and  resolve  the  shock 
waves  which  move  from  one  surface  to  another.  It  has  been  our  experience,  when  comparing  computational  results  with 
experiment,  that  at  least  25  points  are  required  in  each  boundary  layer  to  properly  resolve  the  turbulent  boundary  layer 
profile,  with  at  least  one  point  at  y  +1 0.  The  remaining  50  mesh  points  are  used  to  resolve  the  shock  wave. 

The  PNS  method  used  for  the  hypersonic  flow  calculation  solves  the  complete  Navier-Stokes  equation  in  steady  state, 
neglecting  only  the  stream  wise  viscous  terms.  The  flow  variables  are  linearised  in  the  marching  (streamwise)  direction 
and  a  Douglas -Gunn  ADI  scheme  is  used  to  march  the  solution  in  a  single  pass  from  free  stream  through  the  inlet.  The 
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pressure  is  evaluated  in  terms  of  the  density,  which  is  a  solution  variable:  therefore  the  pressure  gradient  term  is  treated 
exactly  like  a  linearised  density  gradient  and  becomes  part  of  the  solution.  We  have  not  encountered  any  limitation  on 
the  minimum  step  size,  except  that  the  smaller  the  step  size,  the  larger  and  more  expensive  the  calculation.  There  are 
practical  limits  on  the  maximum  step  size  so  that  one  does  not  violate  regions  of  influence  in  supersonic  Sows. 
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SUMMARY 


Calculations  are  presented  predicting  the  onset  of  flow  instability  for  a  multistage  low  speed  axial  compressor 
operating  in  circumferentially  distorted  inlet  flow.  The  most  important  feature  of  the  model  used  is  that  it  attempts  to 
properly  account  for  the  fluid  dynamic  interaction  between  the  spoiled  and  unspoiled  sectors  of  the  compressor.  ^Tfce- 
£alculations  show  that  there  is  an  approximate  stability  criterion,  the  annulus  averaged  slope  of  the  compressor 
pressure  rise  characteristic  equal  to  zero,  that  is  valid  whenever  the  dynamics  of  the  compressor  distorted  flowfield  can 
be  considered  independent  of  the  compressor  environment.  This  approximate  criterion  is  used  to  investigate  the 
relationship  between  the  present  model  and  the  "parallel  compressor"  model.  Further  calculations  are  performed  to 
investigate  cases  of  interest  when  the  dynamics  of  the  compressor  flowfield  coupled  to  the  environment.  Resonant 
cases  and  cases  when  the  distortion  is  unsteady  are  studied.  In  particular,  it  is  shown  that  rotating  distortions  which 
propagate  in  the  rotor  direction  can  have  a  greater  effect  on  stability  margin  than  stationary  or  counter-rotational  ones. 

— PlTHHy^  it  iM, shown  that  the  general  predictions  of  the  model  are  insensitive  to  the  details  of  the  unsteady  bladerow 
dynamics. 

1.  INTRODUCTION 


The  adverse  effects  on  gas  turbine  engine  operation  due  to  inlet  distortion  are  well  known  and  need  no  detailed 
introduction.  Because  of  its  consequences,  the  distortion  problem  has  received  considerable  attention,  and  substantial 
experimental  and  theoretical  work  has  been  done  on  the  topic. 

The  most  important  aspect  of  the  problem  is  the  assessment  of  the  effect  on  stability  that  a  given  inlet  distortion 
produces.  In  a  previous  paper  [1]  a  method  was  presented  for  computing  this  loss  in  stability,  by  examining  the 
conditions  under  which  small  disturbances,  which  propagate  round  the  annulus,  will  grow.  The  analysis,  which  appears 
to  be  the  first  to  treat  this  problem  from  the  point  of  view  of  a  rigorous  fluid  dynamic  instability  calculation,  showed 
trends  in  compressor  behaviour  that  were  in  good  agreement  with  existing  experimental  observations. 

The  crucial  feature  of  the  method  is  the  ability  to  properly  account  for  the  fluid  dynamic  interaction  between  the 
spoiled  and  unspoiled  sectors  of  the  compressor.  As  will  be  discussed  below,  it  is  this,  rather  than  any  "critical 
residence  time"  (in  the  distorted  region)  that  is  the  key  issue  in  determining  the  stability  of  the  distorted  flow.  To 
model  this  interaction  small  perturbations  are  taken  about  a  (time)  mean  flow  that  is  circumferentially  strongly 
non-uniform.  The  "background"  flow  is  thus  a  nonlinear  disturbance  (distortion),  and  the  calculation  of  this  flow  is 
therefore  an  important  part  of  the  overall  computational  procedure  [I], 

In  [1]  the  emphasis  was  in  describing  the  method  and  presenting  some  initial  computations  to  show  the  type  of 
results  that  could  be  obtained.  The  scope  of  that  paper  was  such  that  there  was  only  brief  discussion  of  the  structure  of 
the  disturbances,  the  question  of  the  existence  of  a  simple  overall  criterion  for  instability,  the  relation  between  the 
computational  results  and  previous  attempts  to  deal  with  this  problem  (such  as  the  "parallel  compressor"  method),  and 
the  basic  physical  mechanisms  that  are  associated  with  the  observed  behaviour.  This  paper  covers  these  aspects  at  well 
as  discussing  two  other  facets  of  the  problem.  The  first  is  the  behaviour  of  a  compressor  subjected  to  a  rotating  inlet 
distortion,  such  as  might  be  imposed  by  a  low  pressure  compressor  feeding  a  rotating  stall  into  a  high  pressure 
compressor.  The  second  is  the  examination  of  the  impact  of  some  of  the  different  loss  models  that  have  been  proposed 
for  this  problem  on  the  conclusions  of  the  method. 
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2.  BRIEF  DESCRIPTION  OF  THE  MODEL 


This  topic  wis  described  in  detail  in  (1)  so  thst  only  •  brief  description  will  be  presented  here.  The  most 
important  element  is  how  the  compressor  performance  is  calculated.  We  assume  that  the  compressor  is  low  speed,  with 
IOV's.  and  of  sufficiently  high  hub-to-tip  ratio  that  a  two-dimensional  treatment  is  valid.  The  pressure  rise  across  any 
bladerow  ia  taken  to  be  made  up  of  that  achieved  in  steady  uniform  flow  at  the  current  entry  conditions  plus  that 
necessary  to  balance  the  acceleration  of  the  fluid  within  the  bladerow  [2].  When  the  contributions  from  each  bladerow 
are  added,  this  implies  a  performance  for  the  compressor  as  a  whole  of,  for  each  value  of  8, 
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where  X  and  p  are  determined  by  the  inertia  of  the  fluid  in  the  rotors  and  in  all  bladerows  respectively.  $  is  the  local 
value  of  axial  flow  coefficient  (=  Cx  /U)  and  y  is  the  clean  flow  inlet  total  to  exit  static  pressure  rise  characteristic,  y 
is  assumed  to  be  a  smooth  continuous  function  of  flow  coefficient  and  is  the  performance  that  would  be  obtained  if  the 
flow  through  the  compressor  were  steady  and  axisymmetric.  Parts  of  this  performance  curve  cannot  be  realised  unless 
some  means  of  stabilising  the  compressor  flow,  such  as  a  second  compressor  close  up  behind  the  first,  is  employed. 
Unless  otherwise  'Tied,  the  particular  form  used  for  y  in  the  calculations  presented  is  that  shown  in  Figure  1.  This 
is  taken  from  (3]  w.u  is  taken  from  a  low  speed  three  stage  compressor.  The  problem  of  assessing  the  effect  of  inlet 
distortion  on  the  stability  of  the  flow  through  the  compressor  is  inherently  a  nonlinear  one.  We  maintain  that  it  is  the 
nonlinearity  of  the  compressor  performance,  y,  as  a  function  of  flow  coefficient  that  is  by  far  the  most  important  one 
in  the  problem.  It  is  treated  fully  nonlinearly  in  our  calculations. 


Before  a  solution  of  Eq.  (1)  can  be  attempted  some  way  of  relating  the  pressure  terms  to  $  must  be  specified.  This 
involves  a  calculation  of  the  flowfields  upstream  and  downstream  of  the  compressor  and  is  in  itself  a  nonlinear 
problem.  We  regard  this  nonlinearity  as  being  of  lesser  importance.  The  equations  used  to  specify  the  upstream  and 
downstream  flowfield  are  taken  to  be  those  describing  linear  perturbations  about  a  uniform  flow.  This  way  of  treating 
the  flowfield  has  been  adopted  by  many  authors,  eg  [4],  [5],  to  study  inlet  distortion.  Further  d  ussion  of  this 
approach  and  some  justification  for  it  can  be  found  in  II]- 

The  compression  system  studied  is  shown  in  Figure  2  as  a  compressor  pumping  to  a  downstream  plenum  (situated 
at  least  a  couple  of  radii  downstream)  which  exhausts  through  an  ideal  throttle.  Density  changes  in  the  plenum  are 
related  to  pressure  changes  through  an  isentropic  relationship  and  the  inertia  of  the  fluid  in  the  throttle  is  neglected. 
This  again  is  a  conventional  approach  to  modelling  plenum  flows.  It  was  used  extensively  in,  for  example,  (6)  and  {7] 
where  it  is  shown  that  the  non-dimensional  parameters  which  characterize  the  compressor  and  system  dynamic 
behaviour  are 

effective  compressor  length 
*1  ~  r  “  mean  radius 

and 


plenum 

ALpcjr 


To  complete  the  formulation  of  the  problem  soma  way  of  specifying  the  inlet  distortion  must  be  added.  Because 
the  flow  through  the  compressor  is  nonlinear  and  often  unsteady  it  will  influence  that  through  any  practical  distortion 
generator.  This  is  a  complication  of  detail  rather  than  of  principle  that  we  do  not  wish  to  address  here.  We  will 
assume  that  the  total  pressure  P(  is  specified  as  a  function  of  6  (and  sometimes  also  t)  at  a  plane  upstream  of  the 
asymmetric  static  pressure  field  ahead  of  the  compressor. 

3.  STABILITY  ASSESSMENT 


Once  the  inlet  distortion  is  specified  a  solution  to  Eq  (1)  can  be  found.  Under  the  assumptions  discussed  in  the 
previous  section,  Eq  (1)  and  those  for  the  various  flowfields,  become  a  coupled  set  of  ordinary,  nonlinear  differential 
equations.  If  the  distortion  is  steady,  then  a  steady  solution  is  demanded.  Another  case  discussed  later  is  that  of  a 
routing  distortion  and  in  this  case  a  solution  which  rotates  at  the  prescribed  frequency  is  sought.  There  are  various 
ways  of  accomplishing  this  solution,  we  found  that  a  Fourier  Collocation  method  [8],  which  exploits  the 
circumferential  periodicity  of  the  flow,  to  be  a  particularly  suitable  method.  The  important  points  are  that  a  solution 
can  be  obtained  and  that  it  can  be  obtained  whether  or  not  such  a  flow  would  be  suble  in  practice.  For  the  case  of 
steady  distortion  Eq  (1)  reduces  to,  for  this  "background"  flow, 
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The  linear  treatment  of  the  upstream  and  downstream  flowfield*  meant  (a)  that  it  purely  a  function  of  0  and 
equal  to  the  specified  distorted  value  and  (b)  that  P2  is  circumferentially  uniform  taking  a  value  determined  by  the 
throttle  setting. 

The  stability  issue  is  decided  by  a  separate  calculation.  To  the  "background”  flow  is  added  a  small,  unsteady 
general  perturbation.  If  any  such  perturbation  grows  with  time  then  the  flow  through  the  compressor  is  adjudged 
unstable.  It  is  only  if  all  possible  solutions  decay  away  with  time  that  stability  is  assured.  If  perturbation  quantities 
are  denoted  by  8  (  ),  then  Eq  (1)  implies 


8P2-5pq  =  dv  ^  _  X<K£  _  *35* 


In  general  dy/d$  is  a  strong  function  of  0  and  the  separate  solutions  of  this  equation  differ 
radically  from  the  comparable  ones  (proportional  to  exp  (in0»  obtained  in  stability  analyses  of  clean  (undistorted) 
flow.  This  small  perturbation  approach  is  a  standard  technique  in  stability  theory  and  represents  in  effect  an  eigenmode 
and  eigenvalue  problem.  In  physical  terms,  the  unsteady  perturbations  to  the  flow  may  be  viewed  as  small  stall  cells 
(NOT  fully  developed)  when  they  propagate  around  the  annulus  and  as  small  system  transients  when  they  are 
predominantly  one  dimensional  in  character. 

4.  COMMENTS  ON  A  GENERAL  STABILITY  CRITERION  FOR  DISTORTED  FLOW 

In  [1]  it  was  suggested  that  the  point  of  instability,  for  a  compressor  in  a  steady,  circumferentially  distorted  flow, 
would  occur  when  the  area  averaged  value  of  the  compressor  characteristic  slope  was  zero, 


_L  f  dy 
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where  the  integrand  is  evaluated  using  the  solution  for  the  background  steady  distorted  flow,  as  given  by  Eq  (2).  This 
statement  was  based  upon  the  results  of  applying  the  perturbation  stability  analysis  to  a  wide  variety  of  different 
distortion/compression  system  combinations.  Quantities  that  were  varied  included;  the  compressor  characteristic;  the 
shape,  extent  and  amplitude  of  the  distortion;  the  system  dynamics  parameters  B  and  T\;  and  the  bladerow  inertia 
parameters  X  and  |i,  In  all,  over  250  cases  were  studied  and  in  about  90%  Eq  (4)  was  found  to  hold  at  die  instability 
onset  operating  point  with  surprising  accuracy. 

An  heuristic  argument  for  the  validity  of  Eq  (4)  can  be  based  upon  a  simplified  treatment  of  Eq  (3).  If  for  the 
moment  the  pressure  terms  on  the  left  hand  side  of  the  equation  are  omitted,  Eq  (3)  becomes 
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Eq  (5)  has  as  general  solution  the  sum  of  terms  of  the  form 

£<t>  =  f(8)  e‘“' 
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The  solution  for  f  (0)  is  given  by 
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Since  f  must  be  periodic  ss  t  function  of  0,  the  argument  of  the  exponential  must  talc-  the  value  2niN  for  some  integer 
N.  This  condition  determines  the  eigenvalue  CO,  and  means  that 


cor  _  NX  i  r  dv 
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When  the  imaginary  pan  of  co  is  less  than  zero  the  solutions  to  equation  (5)  will  grow  in  time  and  the  system  is 
unstable.  At  the  neutral  stability  operating  point  co  must  be  purely  real,  implying  Eq  (4),  At  this  point  solutions  to  Eq 
(5)  can  then  be  written 


7-4 


-  «p  I  —  f  —  de'  +  iN  (  6 - )  I  (7) 

[xJ  MT  | 

This  form  It  that  of  a  wave  travelling  around  the  annului  with  amplitude  growing  exponentially  in 
regions  where  dy/d^  it  positive  and  decaying  in  regions  where  dy/d$  is  negative.  In  this  way  a  balance  is  achieved 
between  the  stable  and  unstable  sectors  of  the  annulus.  It  should  be  stressed  that  dy/df  is  a  strong  function  of  6,  as 
shown  in  Figure  (3).  This  represents  a  background  flow  calculated  for  a  120*  sector  "square  wave"  distortion  at  the 
neutral  stability  point  (as  calculated  using  the  full  perturbation  analysis).  It  is  also  worth  noting  that  the  axial 
velocity  variation  is  in  quadrature  with  the  imposed  total  pressure  distortion. 

Returning  to  Eq  (3)  one  can  examine  what  affect  (he  inclusion  of  the  pressure  terms  would  have  on  the  above 
heuristic  argument.  If  solutions  to  Eq  (3)  do  not  have  a  strong  n  »  0  component  then  the  unsteady  pressures  associated 
with  them  will  decay  away  exponentially  upstream  and  downstream  of  the  compressor.  They  simply  balance  local  fluid 
accelerations  and  so  tend  to  be  in  quadrature  with  the  axial  velocity  perturbations,  6$.  It  is  not  hard  to  see  nor  difficult 
to  prove  that  their  inclusion  does  little  to  alter  the  heuristic  solution  (7)  other  than  to  modify  the  speed  at  which  the 
wave  travels  around  the  annulus.  Their  inclusion  certainly  does  not  contribute  to  growth  or  decay  of  a  perturbation  over 
a  cycle,  leaving  our  argument  for  Eq  (4)  as  a  stability  criterion  intact. 

The  above  provides  a  plausibility  argument  for  the  use  of  the  integrated  mean  slope  (IMS)  equal  to  zero  as  a 
stability  criterion,  but  it  is  to  be  noted  that  it  is  the  large  body  of  more  rigorous  computations  which  underpins  our 
belief  in  its  generality.  In  addition  a  number  of  similarities  between  the  calculated  perturbations  and  the  heuristic 
solutions  are  evident.  The  regions  of  the  annulus  where  the  calculated  perturbation  amplitude  grows  and  where  it  decays 
correlates  well  with  the  sign  of  dy/d$.  All  travelling  wave  type  of  disturbances  appeared  to  become  unstable  together 
(as  is  the  case  in  Eq  (6)  where  no  preference  for  N  is  apparent).  Finally  those  10%  of  cases  where  IMS  *  0  was  found 
not  to  apply  were  precisely  those  cases  where  the  validity  of  the  heuristic  argument  might  be  questioned.  These  cases 
form  the  substance  of  the  next  section. 

5.  "RESONANCE"  (FREQUENCY  COINCIDENCE) 

The  result*  of  one  of  the  sets  of  calculations  for  which  the  IMS  criterion  appeared  not  to  be  valid  is  shown  in 
Figure  4.  This  shows  the  throttle  setting  at  instability  as  a  function  of  B  for  a  "square  wave"  120®  sector  distortion. 
There  is  a  ten  percent  drop  in  the  value  of  throttle  setting  at  instability,  corresponding  to  roughly  a  five  per  cent 
increase  in  mass  flow,  when  compared  with  the  IMS  prediction.  In  order  to  understand  this  effect  it  is  necessary  to 
examine  in  more  detail  the  structure  of  the  unsteady  perturbations  at  the  onset  of  instability.  The  general  form  for  a 
perturbation,  or  mode,  is 

t*  "V  ike+koi 

(8) 

with  the  value  of  o>  being  determined  from  the  stability  a-.Jysis.  Figure  5  gives  the  Fourier  components  of  the  axial 
velocity  perturbation  for  the  modes  which  have  as  their  strongest  component  a  single  lobed  and  a  two  lobed 
propagating  axial  velocity  disturbance.  The  nomenclature  to  be  followed  is  to  call  the  former,  the  first  mode,  and  the 
other  the  second  mode.  The  mode  which  has  its  zeroth  Fourier  component  largest  is  similarly  referred  to  as  the  zeroth 
order  mode.  One  can  (loosely)  view  the  zeroth  order  mode  as  a  surge  type  disturbance  and  the  other  modes  as  different 
order  propagating  stall  type  disturbances. 

Several  points  can  be  seen  from  the  harmonic  analysis.  First  the  coupling  between  different  components  is 
strongest  for  the  near  neighbours.  This  is  due  to  the  fact  that  the  imposed  distortion  has  as  jig  strongest  component 
the  first  harmonic.  Distortions  of  practical  interest  in  the  present  context,  ie  those  which  have  a  significant  effect  on 
the  stall  point,  will  also  tend  to  have  this  same  first  harmonic  dominance.  There  is  an  extra  consideration,  however, 
for  the  zero  harmonic  in  that  it  represents  variations  in  the  annulus  averaged  mass  flow  through  the  compressor.  These 
variations  persist  throughout  the  rest  of  the  system  ind  as  a  result  their  amplitude  is  strongly  affected  by  the  system 
properties.  One  might  expect  that  if,  in  addition,  ,ie  mass  flow  variations  were  at  a  frequency  close  to  the  natural 
frequency  of  the  system  that  amplification  of  the  zero  harmonic  component  would  take  place. 

The  frequency  of  the  first  mode  (a  rotating  stall -like  disturbance)  and  that  of  the  zero'th  mode  (a  surge-like 
disturbance)  are  shown  in  Figure  6  as  a  function  of  the  system  B  parameter.  A  change 

in  B  if  a  change  in  the  system  (ie  plenum  volume,  overall  compressor  length)  parameters.  The  computations  show 
that  the  velocity  of  the  propagating  type  of  modal  disturbances  essentially  scales  with  rotor  speed  and  that  it  is  not 
much  affected.  The  frequency  of  the  surge-like  type  of  disturbance  on  the  other  hand  is  a  strong  function  of  B.  At  B  * 
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The  pressure  rite,  R^,  at  neutral  stability  is  determined  by  the  IMS  *  0  conditions  that  0  *  0m_ 

It  can  be  seen  from  equation  (12)  that  if  0  is  to  remain  finite  in  the  distorted  sector  then 
»(RL-¥m)1/2  - 

-  must  not  exceed  k/2.  When  this  condition  is  added  to  that  obtained  already, 

X  2 

that  Rj^  >  Vm,  we  obtain, 

it2XJ 

y  <  R.  <  y  +  — — - 

L  m  aV2 

It  is  immediately  obvious  that  as  X  — ►  0,  R^  — »  ym  or  "Instability  onset  is  when  the  pressure  rise  in  the  6  sector 
reaches  the  clean  flow  instability  onset  point":-  the  criterion  applied  in  early  versions  of  the  parallel  compressor 
model. 

Examination  of  equation  (12)  indicates  that  X  only  occurs  in  the  combination  X/a.  Thus,  when  characteristics  have 
high  curvature  near  their  peak  pressure  rise,  X  becomes  less  important  and  the  predictions  of  this  model  approach  those 
of  the  parallel  compressor  model.  The  loss  of  stability  margin,  defined  in  terms  of  pressure  rise  at  constant  speed,  is 
shown  in  Figure  10  for  an  example  case.  It  appears  that  the  two  compressors  in  parallel  estimate  is  always 
pessimistic. 

The  corresponding  axial  velocity  profiles  at  the  neutral  stability  case  are  shown  for  a  180°  square  wave  in  Figure 
11.  The  IMS  =  0  criterion  implies  that  comparable  amounts  of  the  annulus  must  be  at  negative  dy/d0  (0  >  0m)  and  a 
stable  condition  as  are  at  positive  dy/d0  (0  <  $m)  and  an  unstable  conditon.  The  most  interesting  aspect  of  Figure  11 
is  the  manner  in  which  the  value  X/a  dominates  the  way  this  balance  is  achieved.  The  (locally)  least  stable  pan  of  the 
annulus  is  not  in  phase  with  the  spoiled  sec, or,  *j.d  indeed,  as  X/a  ->  0  is  wholly  in  the  unspoiled  sector.  The 
X/a  -►  0  limit  results,  of  course,  \n  the  whole  of  the  compressor  annulus  operating  on  the  undistorted  characteristic. 
Figure  12  emphasises  the  differences  in  high  (stable)  flow  cases  and  the  neutral  stability  case. 

7.  ROTATING  INLET  DISTORTIONS 

There  has  recently  been  interest  in  distortions  that  are  not  stationary  but  propagate  (rotate)  at  some  fraction  of 
rotor  speed.  A  practical  situation  in  which  this  occurs  is  a  high  pressure  compressor  in  a  two  (or  three)  spool  engine 
subjected  to  the  distortion  created  by  a  rotating  stall  in  the  low  pressure  compressor.  Rotating  distortions  can  be 
regarded  as  one  out  of  the  general  class  of  dynamic  distortions,  with  which  the  present  analysis  is  capable  of  dealing. 

The  detailed  experimental  evidence  is  somewhat  sparse,  but  one  of  the  striking  results  that  has  been  seen  with 
rotating  distortions  is  the  strong  decrease  in  stability  if  the  rotation  speed  becomes  close  to  the  stall  cell  propagation 
speed.  This  was  observed  in  (9]  where  an  analogy  with  resonant  behaviour  of  a  simple  system  was  drawn.  The 
experimental  resuts  of  [9J  are  shown  in  Figure  13  where  the  increase  in  the  value  of  stall  flow  coefficient  when  the 
propagation  speed  of  the  distortion  is  close  to  the  natural  stall  propagation  speed  can  be  clearly  seen. 

To  examine  this,  calculations  have  been  carried  out  with  inlet  distortions  rotating  at  various  fractions  of  rotor 
speed,  f,  from  f  =  -  .6  (against  rotor  rotation)  to  f  =  .6  (with  rotor  rotation).  The  background  flow  upstream  and 
downstream  of  the  compressor  is  taken  to  be  steady  in  a  frame  that  rotates  at  the  distortion  frequency.  The  equation 
expressing  the  compressor  pressure  rise,  Eq  (1),  is  then 

P2  “  pti  <*$ 

V  =  V(4>)  -  (A-Hf)  —  (13) 

pU2  d0 

At  first  sight  this  equation  appears  identical  to  Eq  (2),  the  corresponding  equation  for  steady  distortion.  There  are, 
however,  two  crucial  differences.  Because  the  flow  ahead  of  the  compressor  is  unsteady  is  no  longer  simply  the 
upstream  distorted  value.  It  is  strongly  affected  by,  and  must  emerge  fron.  a  calculation  of,  the  compressor  entry 
flow  field.  Secondly,  the  flow  downstream  of  the  compressor  is  unsteady  and  $2  roust  reflect  this  fact. 

The  solutions  for  the  background  flow  as  given  by  Eq  (13)  are  shown  in  Figure  (14)  for  a  square  wave  distortion  of 
extent  120®  for  the  range  of  distortion  rotation  rates  studied.  When 

f  *  -  .6  the  coefficient  of  d0/d0  in  Eq  (13)  is  more  than  double  the  steady  (f  =  0)  value.  This  effective  increase  of  the 
rotor  inertia  parameter,  X,  is  mirrored  in  the  form  obtained  for  0,  which  shows  relatively  small  variations  about  its 
mean  value.  When  f  =  .6,  this  coefficient  has  opposite  sign  to  the  steady  value.  At  least  as  far  as  the  right  hand  side 
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of  Eq  (13)  i>  concerned,  this  if  equivalent  to  chanting  the  sign  of  dg/d8.  The  torn  of  the  g  curve  if  that  flniaft  t 
minor  image  of  the  steady  (f  •  0)  value. 

Too  much  attention  thould  not  be  focuted  on  the  lign  of  X  -  |af.  tinea  the  pressure  termt  in  Eq  (13)  are  alao 
important,  but  it  doea  imply  that  lomewhere  between  f  »  0  and  f  »  .4  (for  thii  com  praetor)  the  axial  velocity  profile 
must  undergo  a  radical  tranaition.  The  nature  of  thia  tranaition  it  teen  in  Figure  13  which  ahowt  the  velocity  profiler 
for  f  •  0.1,  0.2,  and  0.3.  The  latt  one  it  very  clote  to  the  atall  cell  tpead.  At  thia  condition  the  velocity  profile  haa 
a  large  amplitude  and  doea  not  look  unlike  a  atall  cell.  What  appeari  to  be  occurring  it  that  one  it  "forcing*  the 
ayatem  at  frequencies  that  are  getting  nearer  and  nearer  to  itt  reaonant  frequency,  ie  the  frequency  of  atall  cell 
propagation.  Thut  the  retponae  it  expected  to  be  larger  although,  again,  it  thould  be  emphatited  that  the  ayatem  we 
are  dealing  with  it  ttrongly  nonlinear  end  one  cannot  puth  limple  enalogiea  too  far. 

The  tpeed  of  the  dittortion  hu  a  marked  effect  on  the  overall  diatorted  flow  comprettor  characteriatic  at  well  at 
on  the  atall  point,  and  thia  it  ahown  in  Figure  13.  At  the  propagation  tpeed  it  increaaed  from  zero  there  it  a  drop  in 
the  comprettor  performance  (due  to  the  inornate  in  axial  velocity  non-uniformity)  and  a  ahift  in  the  atall  point.  In 
particular  for  f  «  0.3  there  it  only  a  email  regime  in  which  the  flow  it  ruble. 

In  common  with  the  cate  of  tteady  dittortion,  it  appeart  from  Figure  14  that  the  leaat  liable  parti  of  the  aimulua 
are  to  be  found  ouuide  the  apoiled  lector.  It  aeema  that  any  attempt  to  invettigate  what  determiner  the  flail  point  muat 
model  the  fluid  dynamic  coupling  of  the  apoiled  and  unapoiled  aectort.  It  it  difficult  to  aee,  for  example,  how  one 
might  do  thia  with  an  approach  baled  limply  on  total  preaaure  pattern!  and  any  type  of  "critical  reaidence  time". 

8.  EFFECT  OF  LOSS  MODELLING  ON  STABtUTY  PREDICTION 

In  analyaing  the  diatortion  problem  there  have  been  a  number  of  attempt!  to  model  the  untteady  blade  retponae. 
All  of  these,  at  least  for  multiauge  compressor  models  are  quite  rudimentary  when  compared  to  the  actual  situation,  and 
it  it  therefore  worthwhile  to  investigate  the  overall  impact  of  the  choice  of  model  on  the  predictions  of  the  analysis. 

In  the  preceding  sections  we  assumed  that  the  effect  of  the  unsteadiness  could  be  modelled  by  an  inertia-like  term 
and  that  the  loaaea  were  traced  out  in  a  quaai-ateady  manner.  In  thia  section  we  will  assume  that  bladerow  exit  flow 
angles  follow  changes  in  bladerow  inlet  flow  angles  in  a  quaai-ateady  manner,  but  the  instantaneous  lost  across  a 
bladerow  lags  incidence  changes.  It  can  be  shown  that,  under  these  assumptions,  all  internal  flow  angles  will  be  a 
function  only  of  g,  the  local  flow  coefficient.  The  particular  lag  law  to  be  used  is 

V  <L 

ir ar  =  hs  - L  <14> 

where  L  is  a  loea  coefficient  and  L|t  is  the  steady  state  value  of  the  loss  coefficient  at  the  instantaneous  flow 
conditon.  The  time  constant,  has  been  shown  to  have  a  value  approximately  equivalent  to  the  lime  necessary  for  a 
particle  to  convect  through  a  bladerow  [10J 
bU 
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If  the  diatortion  is  steady,  the  equation  replacing  Eq  (2)  which  describes  the  steady  background  flow  becomes 
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pu2 


'•'iD  LS  _  St  * 


dg 

de 


(«) 


where  tgjQ  is  an  "ideal"  pressure  rise  characteristic,  being  that  obtained  for  the  current  internal  flow  angles  but 
assuming  zero  loss.  Vjd  together  with  the  stator  loss,  L(,  are  purely  functions  of  g.  The  term  Lp  is  the  turn  of  the 
loaaea  through  the  rotors  and  is  given  by 


fa  , 
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(16) 


assuming  similar  rotors  for  each  stage  (as  is  the  case  for  the  compressor  used  throughout  thia  paper), 
of  the  left  hand  aide  (recall  a  0.1  -  0.3)  it  can  be  shown  that  to  flrtt  order  in 


For  small  values 


When  this  term  is  substituted  into  (IS)  that  equation  takes  s  form  exactly  equivalent  to  Eq  (2), 

^-T-  =  <l7) 

puJ  de 

where  ihn,  L_  and  Ln  hive  been  regrouped  for  form  y  while 
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Strictly  (peeking  Xe^  is  a  function  of  0,  but  given  the  approximate  nature  of  the  analysis  an  annulus  average  value  will 
suffice. 

As  an  example  of  this,  Figure  16,  shows  the  axial  velocity  profiles  at  neutral  stability  for  a  180°  degree  square 
wave  distortion.  The  three  curves  shown  are  calculated  using  (a)  the  simple  inertia  unsteadiness  model  (as  used  in  the 
preceding  sections  of  this  paper),  (b)  the  full  unsteady  loss  model  and  (c)  the  inertia  model  with  a  suitably  increased 
value  of  X,  at  least  as  far  as  the  steady  axial  velocity  profile  is  concerned. 

Given  the  similarity  between  axial  velocity  profiles  it  is  hardly  surprising  that  the  calculated  stability  onset  point 
for  the  unsteady  loss  model  and  the  effective  X  model  are  indistinguishable.  There  is,  however,  a  marked  difference  in 
which  modes  are  predicted  to  be  the  least  stable.  This  occurs  because  the  inclusion  of  an  unsteady  loss  model  means 
that,  near  stall,  the  instantaneous  slope  of  the  compressor  characteristic  will  be  less  positive  than  with  quasi-steady 
losses.  This  can  be  seen  qualitatively  by  reference  to  equation  (14),  which  for  small  disturbances,  becomes  for  rotors 
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For  the  n’th  harmonic  and  for  a  time  dependence  of  the  form  e1C0  this  reduces  to 

5L„ 

SL  -  - 22 - 

or 

1  +  itL(TT+n) 

which  decreases  rapidly  with  increasing  n.  This  effect  would  not  have  been  predicted  just  by  increasing  the  effective  X. 

A  quantitive  illustration  of  this  is  Figure  17,  where  the  separation  of  the  different  modes  can  be  seen.  As  alluded 
to,  the  first  mode,  becomes  unstable  first  followed  by  the  second  mode  etc. 

The  condition  at  which  the  first  mode  becomes  unstable  is  not  much  different  than  that  computed  with  the 
quasi-steady  loss  model  so  that  inclusion  of  unsteady  losses  does  not  have  a  major  effect  on  predicted  stall  point.  What 
the  computation  does  emphasise,  however,  is  that  it  is  the  first  mode  that  one  should  focus  on  since  this  is  the  most 
unstable. 

SUMMARY  AND  CONCLUSIONS 

1.  A  fluid  dynamic  stability  analysis  has  been  used  to  examine  several  phenomema  associated  with  inlet  distortion  in 
multistage  axial  compressors. 

2.  The  structure  of  the  disturbance  eigenmodes  has  been  shown  to  have  a  distribution  that  is  rich  in  harmonics.  The 
simple  inertia  lag  model  does  not  distinguish  a  most  unstable  disturbance  except  near  resonance  conditions. 

3.  The  regimes  of  validity  of  the  approximate  distorted  flow  instability  criterion 


f^dB 

i 


have  been  examined.  It  ii  thown  that  this  is  valid  except  in  the  neighbourhood  where  surge  (system)  type  frequencies 
end  compressor  (stall  cell)  type  propagating  frequencies  coincide.  Further  the  use  of  this  criterion  allows  one  to  show 
clearly  that  the  basic  parallel  compressor  stability  criterion  is  recovered  as  a  limiting  case  of  the  present  analysis. 
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4.  It  is  found  that  ■  routing  disturbance,  whose  propagation  speed  is  close  to  that  of  the  natural  eigensolutions  of 
the  system  can  cause  routing  stall  at  a  considerably  higher  flow  rate  than  for  a  disturbance  that  rotates  with  speed  far 
from  the  natural  value.  This  is  shown  to  be  in  agreement  with  experimental  results.  In  general  counter  rotating 
disturbances  have  less  of  an  adverse  effect  than  do  co -routing  disturbances. 

5.  In  die  neighbourhood  where  the  system  (surge  type)  frequencies  and  the  compressor  (propating  type  frequencies) 
coincide  there  is  also  a  decrease  in  stability  compared  to  regimes  in  which  these  frequencies  are  quite  different 

6.  The  inclusion  of  pitch  average  models  of  unsteady  losses  in  a  compuUtkm  of  steady-sute  distorted  flow  has  an 
effect  very  similar  to  that  of  an  increase  in  the  inertial  unsteady  terms,  and  thus  appears  not  to  introduce  any  new  fluid 
mechanic  effects. 

7.  The  unsteady  loss  calculation,  however,  does  separate  the  stability  points  of  the  different  modes,  with  the  result 
that  the  first  (propagating)  mode  is  the  most  unstable,  and  hence  most  important  to  consider. 
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NOMENCLATURE 


*B 


p 


t 


Speed  of  sound 

Fourier  coefficients  of  txial  velocity  perturbation  at  compressor  face 
Flow -through  area 


Axial  chord 


:  2a  I  A 


non-dimensional  system  parameter;  B 
Axial  velocity 
distortion  frequency  (fraction  of  rotor  rotation  rate) 
Overall  effective  length  of  compressor  ducting 
Harmonic  number 


h-or 


Static  pressure 
Total  pressure 
Mean  radius 
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U 

*<) 

7\ 

X 


♦ 

V 


<o 


Pressure  rise  in  distorted  sector 
Non-dimemional  throttle  idling 
Wheel  speed 
Perturbation  quantity 

Non-dimensional  effective  length  -  L^yr 

r  bx 

Inertia  parameter  (rotors)  =  ^ - 

rcos2  (stagger) 

,  •  b* 

Inertu  parameter  (all  bladerows)  =  j. - 

r  cos2  (stagger) 

Unsteady  loss  lag  parameter 
Axial  velocity  coefficient;  4  m  Cx/U 

Non-dimensional  compressor  pressure  rise  in  axisymmetric  flow 


Radian  frequency  of  perturbation 


Subscripts 

0 

1 

2 

3 

4 
R 

5 

SS 


Inlet  to  compressor  duct 
Compressor  inlet 
Compressor  exit 
Plenum  inlet 
Throttle  outlet 
Rotor 
Stator 

Steady  state 
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Ftfliro  e  Staff  Point  Froquondoo  of  Dtfforont 
Modoo  Moor  Rooononco 


0.23  0.30 

B  FACTOR 


0.73 


1.00 


n°ur*  8  o*  Froquoncy  Coinddonco  on 

■nfrotUo  Sotting  at  tnatobMty 


Stability  Margin  Loaa 


Axial 


Flow  Coefficient ,  PN 


Flow  Coefficient ,  FW 


Flgire  12  Low  ‘/a  LMt  of  Praaant  Modal 

Figure  13  Expmlaientaly  Determined  Enact  ol  Matordon  Rotation 
Rata  on  Stal  Point  From  Rataranoa  S. 


Figure  14  Axial  Velocity  Proftlea  tor  Rotating 
Dtetortkme  at  Mean  Pttl  .5 
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DISCUSSION 


Ph.Ramette,  Fr 

For  a  low-pressure  compressor  in  a  full  engine,  what  is  the  downstream  plenum  volume  which  is  used  for  the  non- 
dimensional  parameter  B? 

Author’s  Reply 

1  do  not  know  the  answer  to  that.  We  are  developing  this  mode!  for  higher-order  compression  systems.  We  are  putting 
in  a  single  compressor  followed  by  a  second  compressor  and  modelling  the  flow  in  the  second  compressor.  I  do  not 
think  that  the  simple  compression  system  can  model  a  multi-compressor  system.  Our  model  cannot  shed  any  light  on 
the  volume  that  should  be  taken. 


J.F&bri,  Fr 

A  few  years  ago  Ed  Greitzer  demonstrated  in  several  ASME  papers  that  there  is  no  valid  two-dimensional  solution  for 
three-dimensional  flows.  It  is  a  pleasure  to  see  that  he  is  working  again  in  two-dimensional  flows. 

Author’s  Reply 

For  the  high  hub-tip-ratio  compressors  modelled  here  1  think  that  the  two-dimensional  theoiy  is  a  good  approximation 
for  long  wavelength  circumferential  distortions.  The  model  does  not  address  radial  or  mixed  distortions  and  is  not 
applicable  to  a  fan. 


R.Van  Den  Braembussche,  Be 

In  your  paper  you  compare  surge  frequency  and  rotating  stall  frequency.  How  do  you  define  rotating  stall  frequency?  Is 
it  the  rotational  speed  of  the  stall  cells  or  is  it  the  frequency  in  a  fixed  reference  point? 

What  are  the  types  of  compressor  where  both  frequencies  are  the  same? 

Author’s  Reply 

The  model  provides  an  eigenvalue  analysis  so  there  is  a  solution  for  every  value  of  n,  a  circumferential  harmonic.  The 
solutions  for  non-zero  n  propagate  around  the  annulus.  The  solution  for  n  -  0  is  primarily  a  one-dimensional 
oscillation.  By  surge  frequency  we  mean  the  natural  frequency  that  emerges  as  a  solution  of  the  eigenvalue  problem  for 
the  n  —  0  mode.  The  rotating  stall  frequency  is  the  frequency  that  emerges  for  the  n  —  1  mode. 

When  it  comes  to  assigning  a  stall  frequency  to  a  compressor  we  would  claim  that  the  surge  frequency  is  a  strong 
function  of  the  system  in  which  the  compressor  operates  and  of  the  B  parameter.  The  rotating  stall  frequency  tends  to 
be  a  property  of  the  compressor,  described  by  unsteadiness  within  the  compressor  itself. 
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ETUDE  NUMKRIQUE  DE  LA  TRANSMISSION  D'UNE  DISTORSION  DANS  UN  COMPRESSEUR  AXIAL 


par  Germain  BILLET,  Philippe  CHEVALIER  et  Pierre  LAVAL 


Office  National  d'Etudes  et  de  Recherches  ASrospat iales 
29,  avenue  de  la  Division  Leclerc 
92320  -  CHATILLON  SOUS  BAGNEUX 


RESUME 


Une  aodgilsatlon  mathfmatique  repr^sentant  le  fonctlonnement  des 
grilles  fixes  ou  mobiles  d'un  compresseur  axial  est  coupl§e  3  une  simulation 
numSrique  de  1 ' fcoulement  tridimensionnel  hors  grilles.  Le  code  de  calcul  d£ve- 
loppf  peraet  d'§tudier  les  Scoulements  trldlmenslonnels  compresslbles  non  unl- 
foraes  dans  les  turbooachlnes .  Le  flulde  est  suppose  parfalt  dans  les  espaces 
hors-grllles,  les  effets  vlsqueux  Itant  prls  en  compte  dans  les  grilles.  Les 
rEsultata  num£rlques  aont  comparts  aux  donates  exptrlmentales  obtenues  sur  un 
compresseur  monottage  baase  presslon  soumis  3  une  distorslon  statlonnalre  de 
pression  d'arrgt,  de  force  amplitude,  dans  la  section  d'entrte.  Les  comparalsons 
montrent  que  cette  approche  numtrlque  est  capable  de  prtdlre  la  rtponse  globale 
du  compresseur.  Ce  travail  s’inscrlt  dans  un  pro jet  visant  3  prtvolr  la  rtponse 
d'un  compre8aeur  3  un  tcoulement  d’entrte  non  ualfocme  ptclodlque  dans  \e  temps 
ou  compldtement  lnstat lonnaire. 


NUMERICAL  STUDY  OF  THE  PROPAGATION  OF  AN  INLET  FLOW  DISTORTION 
THROUGH  AN  AXIAL  COMPRESSOR 


ABSTRACT 


A  model  representing  the  response  of  fixed  or  rotating  axial  compressor 
blade  rows  is  coupled  to  a  3-D  numerical  simulation  of  the  flow  outside  the  blade 
rows.  The  code  can  be  used  to  study  nonumiform  compressible  3-D  flows  through 
turbomachines .  The  fluid  is  assumed  to  be  lnviscid  in  the  space  outside  the  rows, 
while  the  viscous  effects  are  taken  into  account  inside.  Numerical  results  are 
compared  with  experimental  data  in  the  case  of  a  low  speed  single  stage 
compressor  with  an  Inlet  steady  total  pressure  distortion.  These  comparisons  show 
that  the  numerical  approach  is  able  to  predict  the  global  response  of  the 
compressor.  This  work  is  part  of  a  larger  project  aimed  at  predicting  the 
response  of  a  compressor  to  a  nonuniform  inlet  flow  that  ia  periodic  in  time,  or 
fully  unsteady. 


Travail  effectud  sous  contrat  DRET. 
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1.  INTRODUCTION 


L/ONERA  d£veloppe  depute  pluaieurs  ann£es  des  codes  da  calcul  dans  Le  but  de  determiner  la 
reponse  des  compresseurs  3  des  h£terog6neit£8  azimutales  d ' al lnentat ion.  En  partlculler,  lea  m^thodes 
linearis6es,  qui  ont  l'avantage  d'etre  rapides,  apportent  de  pr£cieux  renseignements  lorsque  l'h£t6ro- 
gn£it£  n'eat  pas  trop  importance  [1].  Par  contre  en  presence  de  fortes  h£terog£n£it£8 engendrant  dee ph£no- 
m£nes  non  linealres,  11  est  necesaaire  de  faire  appel  3  une  approche  num£rique  qul  permet  d' analyser  ce 
probieme  complexe  du  compresseur  aoumis  3  de  fortes  dlstorslons  azimutales  d'alimentation,  ou 
fonctionnant  prSs  de  la  Unite  du  d£crochage,  3  forte  contrepresslon  et  3  faible  debit,  dans  une  zone  oQ 
de  faibles  perturbations  peuvent  etre  conslderablement  amplifies.  Les  approches  du  probieme  dans  le 
donaine  non  lineaire  ont  surtout  fait  appel  3  des  modeiisation  bidinenslonnelles  [2  3  5].  Or  Greitzer  et 
Strand  [6]  ont  nontr£  que  la  superposition  d'une  giration  importante  et  d' h£t£rog€n£lt£s  de  presslon 
d'arrSt  induit  des  effets  trldiaensionnels  que  ne  peuvent  apprehender  les  approches bidimens ionne l les. Dans 
ces  conditions,  11  est  apparu  necesaaire  de  d£velopper  un  module  numerlque  plus  complet  qul  solt  capable 
de  capter  lea  effets  radiaux  en  plus  des  phenom£nes  azimutaux.  Dans  ce  but,  cet  article  est  partlculi£- 
rement  consacre  &  l'£tude  numerlque  d'un  £coulement  h£t£rog3ne  trldimenslonnel  compressible  et  Instation- 
nalre  dans  un  compresseur  monoetage  3  veine  cyllndrique  dont  1' alimentat Ion  est  soumlse  3  une  distorslon 
stationnaire  et  dont  la  charge  est  comparable  3  celles  rencontrees  sur  les  compresseurs  industrlels. 

L'  approche  num£rlque  est  bas£e  sur  une  o£thode  aux  differences  flnles  3  pas  f ractionnai res 
purement  Lnstationnalre  qul  a  £t£  d£velopp£e  pour  l'£tude  d'un  §coulement  h£t£rogdne  non  vlsqueux  dans  un 
canal  annulalre  simulant  la  partie  du  moteur  situee  en  amont  du  compresseur  [7]-  Dans  le  present  travail 
nous  avons  repris  cette  approche  pour  resoudre  les  equations  d’ Euler  dans  les  zones  hors-grl lies .  La 
resolution  a’effoctue,  dans  les  grilles  fixes  ou  mobiles,  en  couplant  les  equations  globales,  modeiisant 
le  fonct lonnement  d'une  roue,  aux  equations  d'Euler  utllisees  dans  les  espaces  hors  grilles.  Cette  mod£- 
llaatlon  lnstationnalre,  3  base  esuent leL lement  phenomenologlque,  assocle  trots  relations  lntegrales 

(conservation  de  la  masse,  de  la  quantlt£  de  mouvement  et  de  lf£nergle)  et  deux  equations  de  retard 
concernant  cespectlvement  ie  coefficient  de  perte  de  charge  et  l'£cart  flux-profil  (3  une  constante 
angulalre  prSa)  en  sortie  d'aubages.  Une  derni£re  relation  sur  l'evolution  radiale  des  llgnes  de  courant 
3  la  traversfe  des  grilles  permet  de  fermer  le  systems  d'6quatlons  qui  relie  les  diverses  grandeurs  a£ro- 
theroodynamiques  definles  respectlvement  en  amont  et  en  aval  de  chaque  grille. 

Les  comparisons  entre  les  valeurs  exp£riraentales  et  les  r£sultats  obtenus  par  le  programme  de 
calcul  sont  preaent£es  dans  plusieurs  sections  transversales ,  en  partlculier  en  aval  et  en  amont  de  la 
roue  mobile  od  des  relev£s  exp£r imentaux  d€tailies  soi  -  fournis. 

2.  NOTATIONS 

r,  0,  z  :  coordonn£es  cylindriques  dans  le  domaine  physique, 

Ry  0,  Z  ;coordonnees  transformees  dans  le  domaine  de  calcul, 
t  temps, 

V  :  vitesse  absolue, 

V  :  vitesse  relative, 

y,%  y g,  J^composantes  de  la  vitesse  absolue, 
icomposantes  de  la  vitesse  relative, 
vitesse  angulalre  du  rotor  (peut  d€pendre  du  temps), 
rapport  des  chaleurs  sp£clfiques, 
ceierite  du  son  locale, 
nombre  de  Mach  local, 
angle  de  deflexion  radiale, 
angle  relatif  de  deflexion  azimutale, 
angle  de  deflexion  radiale  d'entr£e, 
angle  de  deflexion  azimutale  d'entr€e, 
masse  volumique, 
presslon  statlque, 
presslon  d’arret, 
presslon  d’arrSt  d’entrCe, 
temperature  absolue, 
temperature  d'arret  d'entree, 
entropie  sp£clflque, 
taux  de  chaleur  volumique. 


co  : 

7  ■ 
c  : 

M 
<P 
0: 
<P< : 
P,: 

P  : 
P 

P  ■ 

P, 

T: 
T,: 
s  : 

9  : 


Le  calcul  du  "veritable'1  $couieraent  trldimenslonnel  dans  la  totality  des  canaux  Interaubea  d’un 
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Stage  n'est  actuellement  pas  envlsageable  avec  les  calculateurs  dleponlbles,  lea  durSes  d 'exploitation 
Statvt  ptoblbltiveB.  11  faudra  attendre  1’arrlvSe  d'une  nouvelle  generation  d'ordXnateura  pour  rSaliser 
ces  calculs. 

De  ce  fait,  notre  choix  s'est  portS  sur  une  nodSllsatlon  de  1'Scouleaent  dana  les  grilles  qui 
Svite  1' utilisation  d'un  maillage  axial  3  1'intSrieur  des  aubagefl.  II  eat  done  possible,  dans  ce  cas, 
d’gtudier  les  phSnonSnea  physiques  dans  un  compreaaeur  complet  avec  utv  nombre  de  aallles  raisonnable. 
Mala  en  contrepartie  les  modSles  utilises  n'approchent  que  de  manl£re  globale  les  ph6nomdnes  physiques  et 
doivent  souvent  faire  appel  &  dee  valeurs  exp§riaen tales  (en  partlculier  sur  le  coefficient  de  perte  X 
et  l1 angle  de  sortie  en  axes  relatifs  0^)  pour  coobler  le  manque  d' inf ormation  3  l’intirieur  des 
grilles.  ‘ 


Le  module  de  roues,  slmllaire  3  un  "seml-actuactor  disk."  s'obtient  par  simplification  des 
Equations  de  Navler-Stokes  completes  fecricea  sous  forme  conservative  dans  le  domalne  transforms.  CeB 
Equations  sont  tout  d'abord  lnt€gr^es  dans  un  tube  de  courant  (  A  )  qui  a  une  gpalsseur  flnie  (cette 
hypothdse  generalise  le  module  present!  dans  [8]  oQ  l'epaisseaf  de  (A  )  £tait  suppo8%e  infinlment 
petite).  Cheque  doaaine  (A)  est  limits  par  les  profils  de  deux  aubages  adjacents  dans  la  direction  azi- 
outale,  par  les  sections  d'entr£e  et  de  sortie  du  canal  Interaubes  dans  la  direction  axlale  et  par  deux 
surfaces  de  courant  dans  la  direction  radlale  (Fig.  1).  Si  D fl  repr6sente  la  frontifcre  qui  entoure 
($.),  les  trois  Equations  peuvent  s'Scrire  dans  le  repfcre  relatif,  aprfcs  quelques  calculs  [9]  : 


(a) 


-~d(}  +  py.ndCl  =  0, 

J«a 


n  dt 


(b)  f  -fp- +  f  [p  +  p\ [  pdiwdil 
J0c*f  \  2  2  /  Jan  V  2  2  )  J„ 


f 

Jn 


(  13) 


.  dm 


+  pr(i>e  +  cor)  —  d(i  =  &, 

dt 


(c) 


— T  |  ~dO+  f  pdivrdO  +  — f  py. ndCS= 

r-Onfc  Jn  r- 1  Jan 


?=-  0r'U(c>dO+  f  qdO,  +0)[  o^da-  [  p  T~d(l. 

Jtn  Jp  Jn  Jn  dt 


Fig.  1.  MODELISATION  DES  GRILLES  DANS  LE  PLAN  PHYSIQUE 

11  est  Evident  que  les  relations  (3)  ne  peuvent  Stre  utilises  sous  cette  forme  et  que  quelques 
hypotheses  simpllf Icatrices  sont  ngcessalres.  Nous  supposons  done  que  les  variables  a£rothermodyna- 
mlques  : 

-  varlent  linfial rement  le  long  de  chaque  tube  de  courant  (  ; 

-  sont  constantes  dana  les  sections  d’entrSe  et  de  sortie  du  doaaine  (A)  c'est-8-dire  que  la  longueur 
d'onde  de  la  perturbation  clrconfSrentielle  est  grande  par  rapport  au  pas  du  canal. 
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Nous  adoettons  que  dans  chaque  tube  de  courant  (  )  : 

-  1' tcoulenent  esc  tangent  au  aquelette  du  prof  11  de  l’aube  :  t^  =  l>Jtg5; 

-  Involution  radlale  des  ltgnes  de  courant  &  la  traversfce  dec  roues  est  connue  et  ne  depend  pas  du 
temps.  Elle  eat  donnfie  oar  un  calcul  d'Scouleaent  a6ridien  4  1* instant  Initial  te  : 


‘a  t  =  Ca 

'(r)  . 


(4) 


Si  nous  supposons  de  plus  que  involution  est  adiebatique,  que  les  effets  visqueux  dans  les 
sections  d'entrge  et  de  sortie  Bont  n€gllgeables  et  que  mpalsseur  de  d^placeaent  des  couches  llaltes 
aur  les  profils  reate  tou Jours  faible  vis-4-via  du  pas  du  canal  le  cerae  $  se  rddult  I  : 

9=  —  f  pr-« 

Jo  ^ 

Ecrit  sous  cette  forae,  ce  terne  de  perte  lnstatlonnalre  est  difficile  4  ealculer.  L' analogic  avec  le 
tense  de  perte  statlonnalre  d'un  6coulement  incompressible  traversant  une  roue  fixe  [3]  sugg&re 
d' exprimer  ,  soub  forae  discr&te,  par  la  relation  : 

^=-2p,v?v — 2 — r 

oS  ^  et  Sj.  •  lz  d€f  Inlsseot  respectlveoent  l'alre  des  sections  d'entrCe  et  de  sortie  du  tube  de 

courant  (/X  )• 

X  est  d&teralng,  connue  dans  [2  3  5],  par  le  module  de  transfert  sulvant  : 

t^+X  =  X»-  <5) 

dt 

repr6sente  une  constante  de  temps  ll§e  1  la  convection  des  perturbations  dans  la  couche 
llmite  et  eat  une  fonction  de  ^  obtenue  exp&rlaentaleaent. 

Les  Equations  ins tat ionnaires  (3)  peuvent  Sere  alors  6crites  sous  une  forae  discrete  qul  relie 
les  grandeurs  d'entrge  (masse  volumlque,  fnergie  cln£tlque  sp4ciflque  axlale  et  presslon  statlque)  au 
point  du  maillage  l  aux  grandeurs  de  sortie  au  point  du  aalllage  2  du  aod&le  de  roue  (fig.  l)  : 


(a)  ^-(P,+Pj)  +  PjI'„Si-Pi»„S,=0, 

2  ot 


(b)  ^?(tgj8+i+  or — 

4  4 


+  rrf 


)jt( P.^  +  P^sV  |(p1o>*rf  +  pJo>’ri) 


4  dt 


y  ^ 

(P«  ef  -  Pi  «o2  rf  +  p,  v \  -  p2  mJ  r|)  +  ~  [‘S  5  (p,  r,  »„  +  p,  r ,  vn) .+ a>  (p ,  r\  +  p,  rj)]  —  -  P , 

-K**+2)+,,(*,+  *  ^reprisente  le  voluae  approchf  du  tube  de  courant 


(C) 


oO  «t 
2x 

A  partlr  de  ces  relations,  11  est  lnteressant  de  reaarquer  que  la  variation  de  la  vitesae  <?* 
rotation  (equation  6b)  est  prise  an  coapte  et  peraet  d'ftudler  le  coaporteaent  du  coapresseur  lore  de 
phases  d' acceleration  ou  de  deceleration. 

Les  noeuds  1  et  2  appartiennent  aussi  au  doaalne  hors-grilles,  et  nous  pouvons  y  appliquer  lee 
equations  deflnles  dans  ce  doaalne. 

La  viteese  axlale  de  l'ecouleaent  est  supposCe  subsonique  dans  les  plans  d’ entree  et  de  sortie 
des  grilles.  Dans  ce  cas,  en  nous  basant  sur  la  thCorle  des  caracteristlquea,  nous  pouvons  intigrer 
quatre  equations  4  1* entree  et  une  seule  en  sortie.  Pour  le  point  d'entrle  1,  coapte  tenu  de  la  relation 
(4),  une  dee  equations  deglnire  et  le  aystftae  a ' exprlae  dans  le  repire  relat'f  coaae  suit  : 


<•) 

(b) 

(c) 

(d) 


v  —  v  rf* 

vr\  va  t  *  l* 

(le  long  de  la  caracteristlque  C+), 

af+.,.o. 


f 

? 

< 
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A-  K*  '<)£  *  r*  M  V? '  ¥  S  *  - 4  && 

'  O  - 4  ^ ft  *  ^  f* *  c-X •"  ^  ft 
^frO-r-  -:)-,*]*  *  «%*  «r '  ^‘> 


ft  _ 

r,  J® 

rf*.  r 
f » 

ft  ■4. ,i‘ 

±_ 

/  «4 

,  "i.r-  -r 

+  Zuj 

1 .  iV.t4.c“ 

l  n  dti 

C+. 

3(9 

7~ 

•7 

dl 

Pour  1«  point  d«  sortie  2,  la  relation  (A)  et  1' Equation  le  long  de  la  caractArlstlque  C-  donnent  le 
systAae  auivaat  : 

(*) 

,  .  (8) 

(b)  -£* -PjCj-5  +  ^,  =  0 

df  3f 

(le  long  de  la  caractiristlque  C-). 

^  *  K  -  '*)  #  •  os  (%■  «.)2&  ,  AS?  •>&  ,  /A  _  *  -  r,  /*_*  &) 

'  yaz  r  3®  1  a  dt/a©  r"(^  S7  5© 

- ( v  *"■  r«?  ft  *%[' \  (-?  -  <)  *  c‘  '•‘‘/Ig- 

♦  C* ta  V<*-  J's""  _  c,1  ft  i/fj  r-/* 

*  0  R  * 


Une  dernidre  Aquation  est  nAcessalre  pour  fermer  le  systAme.  Elle  utilise  un  oodAle  de 
transfert  sur  1’ angle  de  sortie  inscat ionnaire  fl^. 

Cette  Aquation  peut  s'expriaer  ainsi  : 

(»> 

oO  f*j>.  coxae  ,Xj>  ,  est  une  fonction  de  p*  obtenue  A  partir  des  rAsultats  expArimentaux.  t  est  une 
constante  qul  peut  verier  en  fonction  de 

Ce  aoddle  staple  a  dAjA  AtA  utillsA  dans  d'autres  travaux  (cf.  [2]  par  exemple).  II  apparatt 
souhai table  de  pouvolr  disposer  d'un  noddle  plus  physique.  Dans  ce  but,  une  Atude  expArlaentale  a  AtA 
nenAe  A  l'ONERA  [11]  et  1 ' introduct ion  du  nouveau  noddle,  dans  le  code  de  calcul  est  en  cours. 

La  relation  qui  relie  2,  aux  coaposantes  de  la  vltesse  relative  s'Acrit  : 

l>§, 

P2  =  Arctg  — . 

Le  couplage  des  Aquations  (6a),  (6b),  (6c),  (7b),  (7c),  (7d),  (8b)  et  (9)  aboutlt  au  systdae  de  huit 
Equations  sulvant  : 


d* 

—  +<t -  +9=0, 

et  ez  ee  eR 

'*=(Pl.  V„,  Vt,,  p{,  Pj, 


Lea  AlAaents  des  aatrlces  s4y9i  Ct  ^  et  les  coaposantes  de  dA pendent  des  coaposantes  de  2L  et 
de  la  gAoaAtrle  de  la  vetne  (9).  Aprds  resolution  de  ce  systAae,  les  coaposantes  radiates  de  la  vltesse 
aux  points  l  et  2  sont  obtenues  par  les  relations  (7a)  et  (8a).  Le  coefficient  de  perte  lnstatlonnalre 
donnA  par  (5)  apparalt  dans  le  terae  non  hoaogdne£  . 

4.  APPROCHE  WUHERIQUE 

Le  problAae  est  rAsolu  nuaArlqueaent  par  une  aAthode  3  pas  fractlonnalres,  dice  de  dAslntA- 
gratlon,  explicits,  du  second  ordre.  C'est  une  extension  A  l'espace  trldlaenslonnel  de  la  aAthode  A  pas 
fractlonnalres  dAveloppAe  dans  (10)  et  appllquAe  aux  calculs  d f Acoulenents  transsoniques  bidiaensionnels. 
Cette  aAthode  consists  A  decomposer  I'opArateur  spatial  trldlaenslonnel  en  opArateurs  unldlaenslonnels 
auxquels  eat  assoclA  le  schAas  de  MacCoraack  (12). 

Le  doaalne  de  calcul  concernant  le  coapresseur  AtudlA  cl-dessous  est  dlvlsA  en  frols  regions. 
La  riglon  1  coaprend  les  sones  hors-grllles  sltuAes  en  aaont  de  la  roue  aoblle  et  en  aval  du 


La  rggion  2  inclut  les  zones  hors-grilles  situges  Juste  devant  la  roue  mobile,  entre  les  deux 
grilles  et  juste  aprts  le  redreaseur. 

La  rggion  3  ee  aitue  au  niveau  dea  plans  d'entrge  et  de  sortie  de  cheque  grille* 

Les  pas  d’espace  de  ces  trots  rggions  soot  respec tiveaent  ; Afl  (rggion  l),4i^A8  A/1 

(rggions  2  et  1).  ^ 

Soit  LI;. 4  l’approxiaat Ion  de  U  (  t  ,  )  au  tenps  ^  o)  et 

aux  points  Z„-LA2,  8^  -j,A9  et 

Le  schgaa  &  cheque  double  pas  entier  B'exprlae  dans  la  region  1  de  la  aanidre  suivante  : 

oil  \  3  /  \  3  /  \  3  /  dgflnissent  les  opgrateurs  aux  differences  flnles  unidi- 

aenslonnels  dans  les  directions  respectlves  £■  ,  0  et  A  .  Le  prodult  coaautatlf  des  opgrateurs  dans  (11) 
eat  indispensable  pour  obtenlr  une  precision  du  second  ordre  [10].  /  At \ 

rm  +  (l/J>  =  ^  {  _  ]l/- 

Blen  que  les  dlffgrents  schemas  i  pas  fractlonnalres  (tel  que  V  3  /  ) 

dieergtisent  des  systgaea  unidlmensionnels  pseudo-instat ionnfliree ,  11  a  §tg  dgvontrg  que  le  schgaa  &  pas 
entier  (11)  est  consistant  svec  les  gquatlons  instat lonnaires ,  c'est-d-dlre  qu'll  dlscrgtlse  le  syst&ae 
gcrlt  sous  forme  conservative  (2)  avec  une  precision  du  second  ordre  [10]. 

En  tenant  compte  que  dans  la  rggion  2  le  pas  d’espace  dans  la  direction  axlale  est  A 4  12,  le 
schgaa  A  pas  entier  dans  cette  rggion  sroblent  directement  3  partir  du  schgma  (11)  en  reaplaqant  chaque 
opgrateur  ^  J  par  un  prodult  de  deux  opgrateurs  unidlaenaionnele  : 


f) 


Pour  construlre  le  schgaa  3  pas  entier  qul  discfgtise  le  systfeae  (10)  (rggion  3),  nous  dgcoaposons  la 
matrlce  3  qul  apparalt  dans  (10)  en  une  matrlce  triangulalre  supgrleure  et  une  matrlce  trtangulalre 
lnfgrieure  .  Cette  dgcoaposltlon  supplgmentalre  peraet  d'obtenir  analytiquement  une  condition  de 
stabllltg  approchge  pour  ce  schgma. 

Le  schgaa  3  pas  entier  utillsg  dans  la  rggion  3  est  dgflni  comae  suit  : 


/  Ce  schgma  dlscrgtlse  le  syst^me  (10)  et  par  consgquent  les  scligoas  assoclgs  d  chaque  opgrateur 
{*£/&),  &\  e£  dtscrgtisent  des  systdaes  unidlmensionnels  sous 

forme  non  conservative. 


par  exemple,  s'gcrlt  [13]  : 


pour  les  prgdicteurs  et 
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pour  1.  corrector,  oil  :  =  *  *it8BL  *  =  *  [  +  *£“*>]■ 

Les  schemas  &  pas  fractlonnalres  : 

«i  e^'2'31  “ •sr» ( y ) *7jJ ",1> 

discritisent  respectivement  les  systfeaes  pseudo-lnstatlonnalres  : 


-  ?*  +£  =0(ArJ,  A02)  dt 

6  dt  dB 


6  dt 


am 

ae 


=  o(A»2,  A©2). 


Le  schema  3  pas  fractlonnalres  : 


,«#■  +  (7/6) 


discreti.se  la  partie  non  homogdne  du  systime  (10)  (de  la  m£ae  manlSre  qu'une  mithode  de  disintegration 
discritlse  la  partie  non  hooogdne  d'un  systfeae  parabollque  [14]^  et  eat  donni  par  : 

=  *,V,5'‘>  -  2  At  £S>  ^  -  A*  (  ^  . 

Le  schema  3  pas  entler  (12)  est  consistant  avec  les  vfirltables  equations  c’est-d-dire  quMl 
dlacritlse  le  syet3me  (10)  avec  une  precision  du  second  ordre. 

La  condition  linialre  de  stablllti  des  schemas  3  pas  entiers  utilises  dans  chacune  des  zones 
est  obtenue  analytiquement  en  consldirant  la  none  Li.de  ces  schemas-  Ils  sont  stables  si  la  norme  de 
chaque  opirateur  fract lonnalre  est  bornie  par  1* unite.  Les  schemas  3  pas  entiers  appliques  dans  les  zones 
hors'-grllles  dolvent  satlsfalre  la  condition  suivante  (Hie  au  critdre  de  Courant  Friedrichs  Levy)  : 

Af„c5  Mini" — ,  — ,  — 1, 

HG-  |_AZ  A.  A,J 

avec  : 

Az  =  Max|X'"|  =  |Kz|+c,  A.  =  Max|n<0|  =  -(I  V,\  +c), 

'  i  r 

A«  =  Max|8,,,|  =(|  Vr—  V,r*\  +  Cy/TT7il)l7,  {=  l,  ....  5. 

X"',  n'*1  et  S'0  sont  respectivement  les  valeurs  propres  des  matrices 

jacoblennes  des  vecteurs  F,  G,  H  (systfcme  2)  par  rapport  3  U. 

Cette  condition  est  nettement  molns  restrictive  que  celle  3  laquelle  dolvent  satlsfalre  les 
schemas  "tr ldlmensionnels”  expllcltes  (schemas  obtenus  par  discretisation  directe  de  l'opirateur  spatial 
trldlmenalonnel) . 

L' etude  de  la  condition  de  stablllti  assoclie  aux  schemas  (12)  est  plus  compllquie.  Cependant 
avec  les  hypotheses  sulvantes  : 

Vgt=V>2  f  C j  =c2  J  —  -  o  £  O  (£  -  **,  Z-J 

dt 


(cette  dernlire  condition  revlent  3  supposer  que  les  pentes  radiales  des  llgnes  de  courant  et  des  llgnea 
du  malllage,  3  I'entrie  et  3  la  sortie  des  roues,  ont  des  valeurs  peu  dlf firentes) ,  11  est  possible  de 
determiner  les  valeura  propres  des  matrices  ^  (&2  et  ^  ®**cr^vent  respectivement  : 
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1  V,‘ 

0 

2r, 

«11 

(tg2p2  +  1  +rJJ)u,1 

0,1  1 

2r  ,k 

v',+cl  1 

j  0  j 

r 

I  v.,~cl  1 

1  *i-=*L,=< 

(l+rf2)t>tl+c,  tgP, 

1 :  i 

2  rtk 

0 

<l+rf2)i,.a 

2r2k 

(3  tg2  — 

‘g2  P.  +  3 '■J 2  + '•*  2 +4)  +  (rf  -  rf ) 

2v'. 

(I+r»2)cj  tg02 
2r2k 

(tg2  P,  +  l+r?J)»,J 

1  2r2k 

avec  k  -  tg2  p2  +  2  +  rf  2  +  r  J2. 


L* applicat ton  des  schemas  A  pas  entlers  dans  la  zone  des  grilles  esc  assujettie  A  une  condition 
slailaire  A  (13)  ;  le  pas  de  temps  unique  pour  les  trois  zones  dole  verifier  la  condition  (9]  : 


AfSAt  =  Min 


A Z 


rAQ  A R  1 

I  *44  I  I C8» I J 


(13’) 


Le  traiteaent  des  conditions  aux  limites,qui  a  d6jd  6tA  expose  en  details  dans  la  r6f6rence  (7] 
est  lei  bridvement  r6eun6  : 


-  la  condition  aux  llaltes  la  plus  simple  se  situe  dans  la  direction  azlautale  oQ  une  condition  de  perio¬ 
dicity  est  utlilsAe  dans  les  plans  ®-0  et  £)  -  2  Tl  ; 

-  une  condition  de  glissement  Vjt/v/^  -  est  appliquAe  sur  les  ^carters  Interne  (ft-  0)  et  externe 

(  ft  »  1)  A  chaque  pas  entier.  Les  opArarfeura  ^  et  ^Cq  y  sont  appliquAs  comae  dans  tout 

autre  plan  ft-  6^  •  Par  contre,  sulvant  la  direction  radiale,  un  schema  decentre  [15]  reaplace  le 
schema  classique  de  Mac  Cormack  ; 

-  Dans  le  plan  d'entrAe  (  i  -  0),  les  quatre  grandeurs  suivantes  i  Jj  ,  \  t  V4  et  sont  lnposees  dans 
les  cas  traites  o0  a  une  valeur  subsonlque.  La  cinqul&me  lnconnue  est  calcuiee  par  integration  de 
1'Aquatlon  de  compatlbillte  le  long  de  la  ligne  caract§ristlque  C  ~  : 


W+A‘W+A2M+A,W  +44^  +  /4>=0j 
dt  ez  dR  dS 


dZ 


U4) 


ofl  Q  =  Log  p  ■  Les  coefficients  A1  A  A5  sont  fonction  des  conditions  d'entrAe  P^,  1^,  ^  et  • 

L'Aquation  (14)  est  discretls€e  au  moyen  d'un  schema  A  pas  entier  du  second  ordre,  semblable  A 
(11),  dans  lequel  les  schemas  A  pas  fractlonnalreS  s'appllquent  A  des  equations  sous  forme  non  conser¬ 
vative. 


Dans  le  plan  de  sortie,  la  pression  statique  est  donnAe  et  quatre  Aquations  sont  IntAgrAes  dans 
les  cas  traltAs  oD  V*  ■  une  valeur  subsonlque  :  l'equatlon  de  compatlbillte  le  long  de  la  caractA- 
rlstlque  (/*  et  trois  Aquations  provenant  du  systAme  de  base  (2).  Ces  Aquations  sont  dlscretlsAes  au  moyen 
d'un  schAma  A  pas  entier  slmilaire  A  (11). 

Un  terme  de  vlscosltA  artlflcielle  [16]  est  utilise  afln  d'attAnuer  les  oscillations  numArlques 
parasites  qul  peuvent  se  dAvelopper  et  nulsent  A  la  convergence  du  calcul.  L'ajustement  des  paramAtree 
lntervenant  dans  ce  terme  permet  de  conserver  une  precision  du  second  ordre.  L* Introduction  d'une  vlsco¬ 
sltA  artlflcielle  conduisant  A  une  condition  de  stabllltA  un,  peu  plus  restrictive  que  la  condition  (13*), 
les  calculs  ont  AtA  rAallsAs  avec  un  pas  de  temps  Agal  0.7  At,  od  SB  est  dAflnl  par  1' Aquation  (13*). 
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RESULTATS 


Leg  calculi  one  AtA  rAallsA*  sur  un  calcuiateur  CRAY- IS  en  node  vector lei.  Le  aaillage  coaprend 
approxlaat lveaent  70000  noeuds  (78  dans  la  direction  axlale,  91  dans  la  direction  azlautale  et  11  dans  la 
direction  radiale)  (fig*  2).  La  convergence  vers  la  solution  statlonnalrc  nAcesslte  environ  1000  paa  en 
teaps,  ce  qui  correspond  A  1  heure  de  ealcul  et  A  un  teaps  physique  de  20  ns.  Tous  lea  rAsultats 
prAaentAs  ont  lc<  obtenus  A  convergence  (Atat  statlonnaire). 

Le  code  de  calcul  LAB l CHE  peraet  d'Atudler  differences  dlstorslons  d'entrfee  :  une  distorsion  de 
teapArature  d'arrAt  et  (ou)  une  dlatorsion  de  presslon  d'arrSt  peuvent  Atre  couplAes  A  une  distorsion 
radiale  et  (ou)  A  une  distorsion  azlautale  de  la  direction  de  I'Acouleaent.  Icl,  seule  une  distorsion 
d'entrAe  de  la  presslon  d'arrAt  eat  conaldArAe  (les  autres  variables  Atant  supposAes  rester  conatantes 
dans  le  plan  d'entrAe). 

Le  code  a  AtA  appllquA  A  un  banc  expArlaental  conportant  un  coapresseur  aonoAtage  basse 
presslon  A  velne  non  Avolutive  de  rapport  de  ooyeu  Agal  A  0.668. 

Les  prlncipales  caractAristlques  au  point  nominal  sont  les  sulvantes  : 


Accrolsseaent  aoyen  de  la  presslon 

2AP, 

- i  .  0.62 

dAblt 

pVl 

6,96  kg/s 

puissance  abaorbAe 

18,73  Kw 

vltesse  de  rotation 

3500  tr/an 

Blen  que  la  vltesse  de  rotation  solt  faible,  ce  compresseur  a  l’avantage  d'avoir  une  charge 
seablable  A  celles  des  coapresseurs  Industrials.  L'Atude  a  AtA  rAallsAe  en  un  point  de  la  caractAristlque 
oO  le  dAvannage  est  aaxinua,  c' est-A-dlre  pour  la  valeur  du  dAblt  la  plus  AlevAe  possible. 


Fig.  2.  MAILLAGE  DU  DO MAINE  H0RS-GRILLES 


Pig.  3.  DESCRIPTION  DU  MONTAGE  EXPERIMENTAL 
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La  figure  3  prfaente  1’ organisation  gfnErale  du  banc  experimental  alnai  que  la  forme  dee 

aubages. 


Un  Scran  A  porositfi  variable,  fixE  k  un  diamitre  en  amont  de  la  roue  mobile,  crEe  une 
diatoraion  de  preasioQ  d'arrEt  qui  ae  propage  enaulte  le  long  de  la  velne.  Cette  perturbation  lndult  une 
distribution  quaai-slnusoldale  de  la  presslon  d'arrit  1  cheque  rayon  A.  »  cate  dans  le  plan  d'entrfe  de  la 
velne  et  lea  Incidences  sulvantea  sur  les  aubagea  de  la  roue  mobile  : 


r/re 

Incidence  en  prEsence 
de  1* Ecran 

0.96 

-3°  k  +  2° 

0.92 

-3,8°  k  +  2,7° 

0.84 

-4,4“  k  +  2,6° 

0.76 

-5,2°  k  +  4,2° 

0.70 

-5,4°  k  +  2,6° 

Une  procedure  spEciale  est  utlllsEe  pour  lntrodulre  les  conditions  k  la  llmtte  dans  le  plan 
amont  :  les  valeura  obtenues  par  un  calcul  d'Ecoulement  oEridlen  son  t  progress! vement  nodi  fifes  au  cours 
du  temps  Juaqu'A  ce  qu'elles  actelgnent  les  valeura  Imposfes  de  l'Ecoulement  hfcfrogEne.  Les  rEsultats 
prEaentEs  correspondent  aux  conditions  aux  Unites  sulvantea  : 

-  k  l’entrfe  de  la  velne  : 

P/(r,6)  “  Pim(r)  +  £  »n(r)cotne  +  bn(r)sir>n6 

Tt  «  288*K 
>  0« 

“  °* 

Les  Evolutions  radlales  de  iK)  et  (a.^  (•*. -1 .  $)  sont  obtenues  k 

partlr  des  donates  expErlnentales .  Les  figure/  (4b)  et  (4c)  dEcrivent  les  Evolutions  radlales  de  Pw>wet 
de  *-x  •  La  dlatrlbutlon  de  presslon  d’arrEt  k  1'entrEe  est  prEsentEe  sur  la  figure  4a. 

/t*"  et  ^  /*“  *  2-f30  -f®-  dEflnlssent  respect  l  vement  la  presslon  d’arrtt  et 

la  presslon  dynamlque  k  l'entrEe  de  la  velne  en  Ecoulement  homogEne  (aana  Ecran). 

L' amplitude  de  la  distorslon  est  lnportante  pulsqu'elle  attelnt  50  X  de  la  valeur  de  la 
presslon  dynamlque  aoyenae  k  l'entrfe  (voir  figure  4c). 


a)  Coupe  traneversale  Pi(f,B)  “  ♦  iintrlcatni  +  bntrhinnt 

b)  Evolution  rad  isle  de  Pfm  if) 

c)  Evolution  radlale  de  «,  (r) 
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-  En  so  tie  de  veine  : 

la  presalon  statique  lapos^e  dans  le  code  eat  donn£e  par  la  fonctlon  aulvante  : 

Z.  f  -f,  wVl.  ^  f  2  Xd#  *  J 

oil  R,  est  donnf  par  (1). 

Elle  peraet  de  retrouver  avec  une  bonne  precision  les  valeurs  experimentales  fournles  dans  ce 
plan  de  soadage. 


0=0° 


Fig.  5.  PROJECTION  DU  VECTEUR  VITESSE  ABSOLUE  DANS  LE  PLAN  D* ENTREE 
DE  LA  ROUE  MOBILE 
(en  m/s) 

La  figure  5  montre  la  projection  de  la  vltesse  absolue,  dans  le  plan  d’entrfee  de  la  roue 
mobile  obtenue  par  le  calcul.  Deux  regions  dlatlnctes  sont  obaervgea.  Dans  chacune  de  ces  regions  l'£cou- 
lemenc  a  tendance  1  plonger  dea  zones  de  fortes  presslons  vers  les  zones  de  falbles  presalons.  De  plus,  3 
cause  de  I'exlstence  de  gradients  radlaux  l'Ccoulement  s'inflfcchit  vers  le  carter  externe  dans  les  zones 
de  fortes  presslons  tandls  que  dans  les  zones  de  falbles  presslons  I'Scouleoent  s' Incurve  vers  le  moyeu. 
Ces  ph€nom4nes  montrent  que  I'^coulement  est  ef fectlvement  trldlmenslonnel  quand  une  dlstorsion  semblable 
a  celle  ImposGe  dans  le  calcul  est  engendr£e  a  l'entrfie  de  la  velne  mEme  lorsque,  dans  le  cas  6tudi6  lei, 
le  coropresseur  a  des  parols  cylindrlques. 


AU  RAYON  MOYEN 


a)  devant  la  roue  mobile  b)  derri£re  la  roue  mobile 

Les  repartitions,  au  rayon  moyen,  des  angles  relatlfs  aziraitaux  ^et  Bu  de  l'Ccoulement 
respect lvement  a  l'entrie  et  i  la  sortie  de  la  roue  mobile  sont  trac€es  sur  les  figures  6a  et  6b.  La 
valeur  du  debit  obtenue  numertquement  est  legfcrement  plus  fatble  que  la  valeur  du  debit  determlnee  expe- 
rloentalement  (3  X).  Per  consequent,  les  valeurs  numerlques  de  ^  (liees  dlrectement  dans  notre  cas  au 
debit)  aont  un  peu  plua  61ev6es  dans  certalnes  regions  (2,5°  maximum)  mala  lea  deux  evolutions  sont 
comparables  et  ont  tendance  a  calquer  leur  allure  quasl-alnuaotdale  eut  celle  de  la  preeelon  d'arrSt  a 
cet  endrolt.  Pour  1’angle  ,  lea  valeurs  statlonnalres  experimentales  aont  Introdulte#  dans  le 

calcul  et  la  distribution  de  l'angle  eat  obtenue  par  l* intermediate  de  liquation  de  tranafert  (9) 
oil  T'  -  0.5. 

Au  rayon  consldire,  Involution  de  l'angle  (I*,  n'a  pas  un  aspect  sinusoidal  et  montre  bten  que 
les  effets  non- lineal  res  sont  Importanta  dans  cette  region  a  la  traverses  de  la  roue  mobile. 

L'accord  entre  les  valeurs  experimentales  et  numerlques  est  convenable  sur  une  grande  partle  de 
I'aziaut  mala  11  eat  auast  evident  que  le  module  (9)  est  perfectible  en  particulier  aux  moments  du  dCcol- 

lement  progresslf  (100® _ *  240®)  et  du  recollement  raplde  de  la  couche  llmlte  le  long  du  prof  11 

(240® _ *,300*). 
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Fig.  7.  COEFFICIENT  DE  DEBIT  EN  AVAL  DE  LA  ROUE 
MOBILE  Vz/u>re 


Fig.  8.  REPARTITION  DE  LA  PRESS  ION  TOT  ALE  EN  AVAL 
DE  LA  ROUE  MOBILE 


La  figure  7  prgsente  les  lignes  iso-coefficient  de  debit  obtenues  expgrlmentalement  et  numgri- 
quement  A  l’aval  de  la  roue  mobile.  Les  niveaux  sont  bien  reprgsentgs  dans  cette  section  exceptg  dans  la 
partle  oO  la  pression  d'arrgt  est  la  plus  falble  et  oO  un  gcart  entre  le  dgblt  numgrique  et  le  dibit 
experimental  apparalt.  La  forme  des  isollgnes  obtenues  par  le  calcul  et  par  1' experience  est  slmllalre. 
En  particulier,  dans  la  partle  gauche  de  l'anneau  l'gtlreaent  des  lignes  4  et  5  est  aussl  visible  dans  le 
calcul  ;  dans  la  partle  droite,  la  remontge  de  ces  mimes  lignes  vers  le  carter  externe  est  blen  reprg- 
sentie.  Dans  la  zone  de  forte  pression  d'arrgt,  les  isollgnes  se  referment  autour  d'un  noyau  (llgne  1) 
dgcalg  de  10°  (par  rapport  A  0-0°)  dans  la  direction  opposie  4  celle  de  la  vitesse  de  rotation.  Ce 
phgnomAne  est  aussl  perceptible  sur  la  figure  8  oil  les  Isollgnes  de  la  pression  d'arrgt  sont  tracies  dans 
le  mgae  plan.  Ce  dgplacement  de  la  valeur  maxfmale  de  la  pression  d'arrgt  (  ?i  )  est  dQ  A  un  fort  gradient 
nggatif  de  1* Incidence  dans  la  direction  de  la  vitesse  de  rotation  qul  prodult  une  rgductlon  du  travail 
dans  la  roue  mobile  et  par  consequent  dgplace  le  maximum  de  ^  dans  la  direction  oppcsie.  Come  sur  la 
figure  pricgdente,  la  repartition  de  obtenue  par  le  code  de  calcul  est  proche  des  donnges  expgrlmen- 
tales  dans  la  aajeure  partle  du  plan  de  Bondage.  Un  6cart  entre  les  valeurs  numgriques  et  expgrimentales 
apparalt  dans  la  zone  od  la  Rest  la  plus  bssse,  c*est-A-dire  1A  oQ  le  dgcollement  progressif  de  la  couche 
llmlte  sur  le  prof  11  n’est  pas  correctement  reprgsentg  par  le  modAle  utilise  (figure  6b).  Tous  ces 
rgsultats  montrent  que  ce  code  est  capable  de  prgvolr  la  rgponse  globale  d'un  compresseur  A  une 
dlstorslon,  mal9  des  ameliorations  dolvent  gtre  apportges  en  particulier  sur  les  modules  de  transfert 
(equations  5  et  9)  afin  de  mieux  apprghender  certains  details  de  l'gcoulement. 

CONCLUSION 


Le  code  de  calcul  LABICHE  est  validg  par  les  rgsultats  prgsentgs  et  leur  comparalson  avec 
1 ' experience .  Son  application  s'est  glargle  A  des  compresseurs  Industrials  [ 19^]  mais  sans  possibllltgs  de 
comparalsona  jusqu'A  present.  L'utlllsatlon  de  ce  code  devralt  permettre  de  mieux  apprghender  lea  phgno- 
mAnes  coaplexesengendrds lore  de  phases  transltolres  dans  les  compresseurs  et  en  particulier  d'amgllorer 
leur  marge  au  pompage  pour  des  configurations  de  vol  peu  gtudlges  Jusqu'A  malntenant. 

Les  modAles  utilises,  pour  reprgsenter  les  pertes  et  l'Acart  flux-prof ll/ont  leur  propre  limi¬ 
tation  car  11s  ne  sont  pas  blen  adaptgs  lorsque  de  forts  dgcollements  de  la  couche  llmlte  apparaissent. 
Un  nouveau  modAle  concernant  l'gcart  flux-prof  11  a  §tg  glaborg  A  l’ONERA  et  est  en  cours  d' Introduction 
dans  le  code  LABICHE. 
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DISCUSSION 


Ph.Ramette,  Fr 

Ceci  n'est  pas  une  question,  mais  plutot  un  commentaire: 

(a)  Votre  conference  montre  clairement  I'importance  des  gradients  radiaux  qui  conduisent  a  un  ecoulement  fortemenl 
tridimensionnel. 

(b)  Les  moycns  informatiques  neeessaire  pour  trailer  ce  type  de  calcul  deviennent  tres  importants,  surtout  en  capacite 
memoire,  et  risquent  de  limiter  I’extension  de  ce  type  de  methode.  Vous  avez  en  effet  indique  un  maillage  de 
78,000  points,  et  pour  le  film  que  vous  avez  presente,  une  heure  de  calcul  sur  CRAY- 1 S  avec  1 ,500  iterations. 

Author’s  Reply 

Je  ne  pense  pas  que  les  risques  de  limitation  dans  l'extension  de  ce  type  de  methode  soient  grands,  car  on  doit  compter 
dans  les  annees  a  venir,  sans  etre  trop  optimiste,  sur  des  progres  encore  tres  spectaculaires  (en  capacite  memoire  et  en 
rapidite)  des  ordinateurs. 


H.B.Weyer,  Ne 

I  wonder  whether  it  is  possible  that  the  stator  has  no  effect  on  the  distortion  pattern,  particularly  if  the  stator  load  is  not 
equal  to  zero.  Please  comment. 

Author’s  Reply 

For  this  compressor  it  is  normal  because  this  compressor  has  a  constant  channel.  This  is  also  observed  in  the 
experiment. 
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CALCUl  DU  COMPORTEMENT  D'UNE  GRILLE  D ' AUBES  EN  REGIME 
DE  DECROCHAGE  DYNAMIQUE* 

P.  GILLANT  -  P.  SAGNES  -  OP.  OLLIER 
Soc idtd  BERT  I N  et  CIE 

Allde  Gabriel  Voisin  -  70373  PLAISIR  CEDEX  -  France 


RESUME 

La  mdthode  de  calcul  ddcrite  dans  ce  document  permet  la  representation  pour  un  coCit 
relativement  faible  de  l'dcoulement  subsonique  inBtat  ionna i re  A  travera  une  grille 
d'aubes  bidimenaionnel le  de  compreaaeur.  Cette  moddlisation  utilise  la  mdthode  dea 
aingularitds  ;  cellea-ci  aont  dispoades  aur  lea  profila  et  aur  lea  fileta  tourbil- 
lonnairea  formant  un  aillane  en  aval  dea  aubes.  Dans  lea  caa  ou  1  'on  tient  compte 
d’une  variation  de  hauteur  de  veine,  de  la  comp r e s s i b i 1 i td  du  fluide  ou  encore 
loraque  1  ’  on  considAre  une  roue  mobile  (avec  variation  du  rayon  de  la  nappe)  dea 
aingularitds  discrAtes  aont  ajoutdes  dana  le  canal  interaube. 

Dea  lois  de  tranfert  de  grille  dtablies  lorsqu'aucun  ddcollement  de  la  couche  limite 
n'intervient  aont  prdsentdes. 

Une  extension  au  regime  de  ddcrochage  dynamique  est  introduite.  Lea  rdsultata  ddjA 
obtenus  montrent  qu’au  voisinage  du  point  de  ddcollement,  un  calcul  capable  de 
ddcrire  convenablement  A  la  fois  la  ligne  de  ddplacement  et  l'dcoulement  local  est 
ndcesaa ire . 


NOTATIONS 


Z  :  affixe  complexe 

(3  :  angle  relatif  A  la  direction  axiale 

V  s  vitesse  complexe  de  l'dcoulement 

^  :  potentiel  de  l'dcoulement 

F  :  poussde  induite  aur  le  profil 

tT  :  ddbit  de  sources  lid  au  profil 

\  :  denaitd  de  circulation  d'un  tourbillon  lid  au  profil  ou  libre 

Tf  i  denaitd  de  circulation  d'un  tourbillon  aitud  sur  le3  laniferea  du  aillage 

N  :  nombre  de  segments  aur  le  profil 

p  :  pas  de  la  grille 

c  i  corde  de  1'aube  gdndratrice 

h  :  hauteur  de  veine 

r  :  rayon 

m,9  :  coordonndes  cyllndtiques 
x,y  s  coordonndes  cartdaiennes 
:  longueur  d'un  segment 
O  t  vitesse  de  rotation 
t  circulation  totale 
p  i  circulation  autour  du  profil 

X  :  coefficient  de  pertea 

__  4>c  - -frequence  rdduite 


travaux  financda  par  la  Direction  dea  Recherchea  et  Etudes  Techniques  (Direction 
Gdndrsle  de  1 1  Armament ) . 
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caractdrise  la  source  rdsiduelle 

numdro  d'un  segment  sur  le  sillage  extrados 

numdro  d'un  segment  sur  le  sillage  intrados 

valeur  en  amont  de  la  grille 

valeur  en  aval  de  la  grille 

caractdrise  le  point  de  ddcollement 

valeur  Infinie  moyenne 


1.  -  INTRODUCTION 


Lea  ddfauts  d ' al imentat ion  5  l'entrde  des  turbordacteurs  aeronaut iques  provoquds  par 
des  causes  extdrieures  ou  par  des  configurations  de  vols  part  icul  iferes ,  induisent  des 
indgalitds  c i rconf d r en t  ie 1 1 es  et  radiales  de  l'dcoulement  en  amont  du  compresseur. 

Lea  travaux  de  moddlisation  des  phdnomdnes  mis  en  jeu  comportent  deux  types 
d'approches  :  d'une  part,  1 1 dlaborat ion  de  codes  de  calculs  dtudiant  la  propagation 
de  ces  hd tdrogdnd i tds  dans  le  champ  du  compresseur,  d'autre  part,  la  recherche  de 
mdthodes  de  determination  thdorique  des  lois  de  transfert  ( au  sens  gdndralisd  du 
t*rme)  de  grilles  d'aubes  de  turbomachines,  ces  lois  intervenant  comme  conditions 
llmites  dans  les  calculs  de  propagation. 

Ces  phdnomdnes  instat  ionna i res  se  traduisent  au  niveau  des  roues  du  compresseur  par 
des  variations  locales  de  1' incidence  de  l’dcoulement  relatif  et  des  sol  1  ic  i  tat  ions 
dynamiques.  Le  point  de  fonct ionnement  de  cheque  dtage  peut  dgalement  verier  et 
pdndtrer  dans  la  zone  de  pompage  provoquant  ainsi  la  degradation  des  performances  et 
des  risques  mdcaniques  importants. 

La  demarche  qui  a  conduit  &  mettre  en  oeuvre  les  deux  approches  ddcrites  prdcddemment 
vise  une  formulation  peu  complexe  des  phdnomdnes  physiques  mais  doit  permettre 
d’dtablir  des  outils  numdriques  suffisamment  3ouples  d'emploi  pour  fitre  utilisds  dds 
le  stade  de  1 ' avant-pro j e t . 

Le  suite  de  cet  article  ddtaille  les  calculs  permettant  la  representation  de 
l'dcouleraent  dsns  une  grille  d'aubes^  tout  d'abord  dans  le  cas  du  fluide  parfait, 
incompressible.  La  prise  en  compte  des  effets  dus  &  la  compress ib i l i td  et  des  effets 
visqueux  est  ensuite  prdsentde.  Enfin  apr&s  1 ' dtabl i ssement  de  lois  de  transfert 
bidimensionnelles  correspondent  b  de  tels  dcoulements,  les  probldmes  que  posent 
l'dtude  et  la  rep^dsen ta t ion  du  ddcollement  de  la  couche  limite  sur  l'extrados  des 
profils  d'aubes  sont  exposds. 


2  .  -  DEIEB-MI  NAT  I  ON  DCS  LOIS  DC  TRANSFERT  DE  GRILLE  D'AUBES  BIDIME  NSICJNNELLE  E  N 
ECOULEMENT  VISQUEUX  K3N  DECOLLE 

La  m^thode  de  calcul  utilis^e  eat  la  m^thode  dea  singularit^s  ;  elle  a  l'svantage  de 
r^djire  d'un  degry  la  dimension  des  Equations  puisqu'il  s'agit  d'une  m^thode 
intygraLe  et  est  par  consequent  moins  coQteuse  eu  temps  cslcul .  De  plus,  bien  qu'elle 
ne  soit  r igoureusement  applicable  qu'en  4coulement  incompressible^  une  extension  eu 
domaine  compressible  sans  choc  par  adjonction  de  puits  ou  de  sources  j ud i c ieusemen t 
places  dans  Le  champ  de  l‘6coulement  est  possible.  De  telles  m^thodes  permettent 
yqalement  de  repr^senter  1 ' ycoulement  en  repfere  relatif. 

2.1.  -  Ecou lament  en  fluidje  parfait 

Hypotheses  de  calcul 

L*en3emble  des  Equations  h  rbsoudre  est  const ilu^  dea  Equations  d’Euler,  de 
conservation  de  la  mas3e  et  des  conditions  aux  limites. 


L'dcoulement  est  suppose  b i d imens i onne 1 ,  i  r ro t a t  i  onne 1 ,  et  dans  un  premier  temps 
incompressible  ;  le  fluide  est  considdr^  de  plus  comme  parfait  ;  il  s'^coule  b 
travers  une  grille  d'aubes  infinie.  Cet  ^coulement  admet  une  periodicity  apatiaLe, 
c'est-b-dire  que  l'ycoulement  se  reproduit  ident i quement  pour  une  distance  dgale  au 
pas  de  la  grille  d'aubes. 

Le  schema  de  la  grille  d'aubes  ytudi4e  et  les  notations  utilis^es  aont  rassembl6s 
figure  1 . 

Le  principe  du  calcul  est  le  suivant  :  le  profil  d'une  aube  est  discrytisy  en 
segments  auxquels  sont  associbs  des  repartitions  linbiquea  uniformes  de  sources  et 
<ie  tou^bi  lions  d'  intensi  t^s  xK  .  i,  donnde  d'une  vitesse  infinie  moyenne  et  la 
connaissance  des  intensitds  des  singularity  dyterminent  entibrement  l'^roul ament. 

Remarque  :  pour  des  questions  de  commodity  et  d’efficacity  d'^criture,  l'ensemble  des 
calculs  e9t  effectud  en  notations  Complexes. 


V  ^t  e  3  9 e  _i  ndu  i_t_e  enun  point  Z_ 

Le  profil  de  l'aube  qdnyratrice  de  la  grill*  est  d^cnupy  en  N  segments  comme  le 
montre  la  figure  2. 


A  chacun  des  N<  segments  aont  associys  une  source  et  un  tourbillon  liy.  La  rysolution 
numbrigue  de  I'Aroulement  implique  des  resolutions  de  systbmes  linyaires  de  rang 
yievy.  Ces  calculs  aont  rapides  si  la  diagonale  du  systbme  est  dominante.  Cette 
condition  est  ryalinye  en  chnisissant  une  ^partition  de  sources  variables  et  une 
r4partition  de  tourbillons  constants,  suit  "X  -  X  s  Ctd 


fn  ajoutant  les  vitessps  indultes  en  /  par  tons  les  segments  de  to us  les  profils,  il 
v  i  e  n  t  * 


V(Z) 


M 

n 

k-1 


L  n  ^^.(Z.2^0 
2TC  Sh^(z-ZLk) 


"  s  t  1  '  intensity  -le  la  snuff'*  r^parti*  un  i  f  n  rmyment  sur  le  segment  (,2Ly 


-k*l  . 
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En  dcoulement  i nat a t ionna i r e ,  le  principe  de  conservation  de  la  circulation  qlobale 
et  la  condition  de  Ku t ta-3oukowak y  conduisent  fa  l'faniaaion  d’un  tourbillon  libre 
d 1  intena  i  t6  et  d  *  af  f  ixe  XfLM  fa  un  instant  t  consider#.  La  vitesae  induiteen  2Tpar 
1' ensemble  des  tourbillona  d' intensi td  s' dcr 1 t 

v(z)=z:  _  -L*HL - 1 - *  --L.  >m  co^h  ZE.  (z -zTLM) 

K Z.-90  2tc  2 - ZtlM  -  tkp  Zp  p 


En  ce  point^la  viteaae  qlobale  sera  obtenue  en  sonnant  lea  deu*  espreaaiona 

prdcddentes  aoit 


V(Z)r  -  21  -  l\ 

'  k«l 


Sh  £.  (Z'Zk« 


CalcuL  dea  _s  l_a r_ i_tj6 a  en  l_u  jde  part  a  i_t 

Lea  inconnues  du  probifame  aont  : 

-  N  aourcea  ou  puita  rfapsrtis  1  in^a  i  rement  *ur  lea  segments  du  profjl 

-  X  intensity  du  tourbillon  1  i4 

-  "X  intensity  du  tourbillon  i*m»a  au  bord  de  rut  U. 

Cellca-ci  aont  d^terminfaes  fa  partir  du  ay  at  fame  for""*  par  • 

f  -  N  conditions  de  qi  i  sse«*ent  sot  \e  profil 
(I)  4  -  la  condition  de  Kut t a - Jou^owsk y 

I  -  la  conservation  dc  la  circulation  total*. 


V 


Reaarquons  qua  si  V  ^  rapr«t«nte  la  viteaee  da  I'tcoulaaant  *  J'lnflol  aiont  at  sifj 
represent#  la  circulation  totala  initlala,  noui  aurona 


v, «  v.  ♦  i; 


Cala  aignifie  qua,  connalaaant  la  ralation  btunlvoque  llant  VM  it  d4l«r«in4a  an 
dcouleaent  quaai-atat ionnai re ,  la  donnda  da  Vj  paraat  da  ronnaltra  la  vitaaaa  infima 
aoyenna  v  oo  ( ®n  quaai-atat ionna 1 ra  noua  avong  *  0  ■>  4  chaquc  instant. 


Convactlon  det  tourbillona  ll_brae 

Lea  tourbillona  libraa  4a  i  a  aux  Ingtanti  precedents  ae  ddplacant  aoua  1'  inf|.j*nre  -i, 
cheap  qlobal  des  vitaaaea  induit  par  l’anaaable  daa  a  1  nqu  1  a  r  i  1 4  a  .  So.«a  r#Mrq<joni  qua 
a’ila  aont  suffiaaaaent  4  1  o  i  q  n  4  a  do  p  r  u  f  i  I  ,  tl  eat  p  o  a  a  l  h  1  #  da  roiUi'nr  la* 
tourbillona  da  a#aa  alqne  car  laur  influence  *ur  le  prof  )  1  deviant  p r a »  i quaaen » 
i  nd4 pendan fa  le  laur  position.  r  a  1  a  paraet  da  r4du»re  la  nothr*  da  inurhi  I  lum  litotes 
at  done  la  Leapt  du  calcul  da  I  1  4c on  1  eeen t  4  rhsqu*  paa  da  taepa. 


2.2.  -  intension  aux  #cogl e»ents  4  tr avert  one  grille  tob lie  4  hauteur  j«  »»(;>» 
variable  _et_  Jl.'i.!  ecouleaentt  c  oapr  at  1 1 1>  1  e  §  tub  |on  t  qija  a  tpp  1  1  e  *  a 

•  4 1  hode  da  jOj 8W  4i.WBUS.St.' Hi  ^ 

I  e  s  h*polhMvg  }  ■  i  *•  1  'on  'm'  dan  a  da  t  a  J  l  a  x  m  f  i  j.<  r  «*  ♦  .  x  •*  •  i  •  x  x 


l  ‘  *■'.  i  1  cl#". »  •••»»  a  up  put  a  i  r  r  *  1 1  e  r  *  >  •  n  n  a  |  <■•  f*p#rr  * '  *  :  .  »*  x  *  •  • '  •  *  «*  . » 

la  'Mim'd  "I «  i  a  yea  ?  r  I  due  ,  1  •’ *  •  r  l  an  •  a  a  •  •  ■  » f  x  t-,  ♦  aap  x  !  *  f  •  I  a  a  at  4p  a  %  t  •• 

r  uha  la  •  niti'i*  aoM  '  <»  n  ■  »s  par  *  )  .  .  1  :  ««x  .  i-.a  ?  A.  -mr  • »  »i  •  r  ; 

f  i  |*i  r  e  ' 


’.a  •  l  •  a  X  *♦  a  1  »*  1**  m  1  f  .  i.  .  a  ••  X  •  x  ,  J  |  •  ■  x  a  a  •»  •  ti  ■  *  a  •  n '  x  a  •  a a j  x 

I  ‘  l  n  t  r  »ld*jc  *  i  .,n  la  I  •»'  1  ‘  a  »  a  r  lax  t»  /  j.  a  r  »  •  .  •  x  ;■  a  raa  •  t  a  >n  1  ►  t  a  « 

a  f  f  *  1  S  Ja  'ixpr  *M  I  h  I  i  I  *  *  !■»  1  I  i  !  I»  }  1  *  •  •  i  >  j  aea •  *  ax’  x  ipp •<  a*  a  1  a  t  «  *  .  i  •;  a  a*  x  • r  « 

node  la  <»■>>•. 

' ;  a »»  *  i  *  -ax  -/'i  !  •  x  a  o 4  »a  a  o  t  x  x  •. '  » 

'  »1  indri'jiifi)  •  /«  «ppii-|ue  ,»*  *  '•>'«»  Jf«*t 

|.»a  f  |  ■)<!  i  *.  i  t  a  p  x  r>«  f  i  a  I  a  da  a«f  «  1  t  !•*  r  »  i  r 

"Ma  t  » x '  la  ja  f'r«a 

d*  :  n.  dm  c  .  ;  -  r,  <3^ 

nu  r"t  repr4xw»>ia  'jf«  r  a  *  «n  la  iPiion  , 

ant  la  grille  d  aubaa  plane  a  !  -■  x  '?M  hmiv,  ,<  pa.i*  n  *  *•,  i»  >.i«-xaa 

»*  par  la  arftnode  lea  »  i  "iji  j  •  r  i  »  4  a  . 

'application  1e  .  a»  !  a  *4 »  hnde  ,  4  aide  1-,  i  »*4of  *aa  la  *  a  a*  dr  ,,,  *  r 

on  n  |  t  iiarw  •  da  i  a  list  r  i  but  >  on  dan  a  l  e  -  map  d  '  4rou  1  eaen  1 

de  1  a  divergence  da  la  r  •«  j  a  par  t  4  >|u«  *  I  o«>  da  ...  ...  i| 

de  !a  "lapogint*  no  re#  I  a  do  r  o  »  •  i  ■,  onna  i  te  •!'«(«» 

'  4  qua  ♦  ion  de  »-  »jn  I  a  '  4r  r  i  » 

*  s  .iZL  -V.JL  2b  . rl  ±  Sri  (») 

»«  *y  *  t±m  rf  f  Dr 


X  ;  '  t  a  X  #{>|’*%  ’  -  -I  '  •  n  • 

•>'■ «  1  r  aa  la  '  a^  ■  4  >4 1  . 

In  :;•«  w'j'iia  '•  la  ,m 


L ' 4qu  a  t Ion  du  rotationnal  t 

>  .  avy  _  avy  .  2  Oil  (a-) 

3x  dy  r,  dx 

101  aquations  (5)  at  (4)  lapliqusnt  que  la  rotatlonnel  ainsl  qua  la  divergence  de 

1  * 4  cou  1 eaan  t  font  iapoa4a  en  tout  point  du  cheap.  Una  rdpartition  surfacique  de 
sources  ou  puits  d'lntansit4a  at  de  tourbillone  d'intenaitds  \  peraet  de  ddcrire 
una  telle  distribution. 

I  i  vitasse  induite  psr  ces  a  i  nqu 1 • r  i  1 4 s ,  plsc4es  dans  Is  canal  inter-aube,  s’4crit  de 
la  fagon  suivante  : 

v-  °*hf  (Z'2j)dy<-£  //an  h  CO,hl(2  2o)  d*°  dy° 

i  a  cheep  d  '  droit  1  sesn  (  est  an  a  f  f  a  t  <1iscr4tis4  en  ST  a  a  i  1  1  e  a  trep4/o!dales  dans 
1  e  s  q  u  alias  s  o  n  t  d  4  M  n  i  s  das  points  de  controls  paraettant  de  local  i**r  et 

•elculer  des  sources  ponctuellas.  line  tails  aaille  est  rapr4sent4a  r  i  qu ra  4.  (a 
r  4  partition  s ' » r  f  a  •*  i  1  u  e  de  sources  S  u  r  la  aaille  n  est  reapl«c4e  per  una  source 
(Min>  t  -je  1  I  e  -1  *  |  n  t  e**s  I  t  4  4qulvalente 


e . .  r  »-  si  ,1  t  *•  O.1 1  -aer.  ♦  j>  r  e  h  n  i  »,  |  «•  m  r  *  1'ir  ins  '  I  |u  r  -*♦  ’  .  ’  s 
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Coupl*qe«dcoul.e*Bot  potential,  couche  llwlte  an  rdqj*e  permanent 

t n  regime  permanent,  le#  inconnues  du  problfcme  aont  lea  N  singularity  O' ^  rdperties 
aur  le  profil,  lea  intensitds  du  tourblllon  A  et  dee  tourbillone  i  Y  d»ia  aux  borda 
de  fulte  extradoa  et  intradoa*  line  dernifere  inconnue  (Tp  eat  rajout6e  lore  de  la 
rdaolotion  de  ce  calcul.  Son  intensitd  eat  telle  que  la  aoaae  dea  sources  eat  nulle 
ce  qui  garantit  r igour euaeaa n t  le  conservation  du  ddbit  j  elle  eat  rdpartie 
unifor*d*ent  aur  l’enee»ble  du  aillage  tourbi 1 lonnai re .  Le  choix  de  ce  poa 1 t ionnenent 
rdaulte  de  l'influence  de  cette  source  aur  le  profit  de  vlteaae  aur  I'aubage,  car 
dans  ce  caa,  aucune  ddforaation  locale  dea  vitesaea  aur  le  profit  n'a  dtd  obaervde. 

L'dcouleaent  eat  entidrenent  ddteraind  dfea  que  aont  connuea  t 

-  lea  valeurs  dea  alngularitds 
•  la  foriae  du  aillage 

-  l'dpalaseur  de  ddplaceeent  de  la  couche  llnite. 

Calcul  dea  aingglarltda  en  dcouleaent  periaanent 

La  condition  de  Kut t a- loukowak y  eat  reaplacde  par  deux  dqelitds  |  ellea  traduiaent 
que  lea  Intenaitds  dea  tourbillone  dais  am  horda  de  fuite  intradoa  et  extradoa  aont 
dqalea  aux  rotationnals  locaux  de  la  couche  lieite  en  res  polnta  c'est-fc-dire  aux 
vitesaea  locales  de  i'dcouleaent  potential. 

Lea  S  conditlona  de  tangence  aont  expriadea  aur  le  profil  enqraiasd  j  celiea-ci  ainai 
que  l' Equation  car*ctdr leant  l'd*isaion  du  rotationnel  au  bord  de  fuite  aont 
raaaeahldea  en  une  Equation  aatririelle  de  ranq  S  ♦  1  : 

A  .  a-  ,  sm  ♦  af.  <r  ♦  bf  ♦  sir 

'  a  aatri<*«  A  eat  I  ndd  penden »  e  dea  grandeur*  ad rody na* i que*  de  1  '  dc  ou  1  eiaen  t  et  ne 
font  lent  que  dee  terse*  lid*  aux  coo  r  donnd*»  a  qdosdtrique*  du  profil.  Ce  ayatdse  eat 
done  rdaolu  de  santdre  Isplictte  re  qu  t  prdaent*  l'avantaqe  da  n'inveraer  qu'une 
a  eu  1  e  f  o  l  *  la  satrire  A.  t  a  solution  du  vac  t  e  u  r  Q~  eat  ub  t  enue  par  'onverqence  du 
ayatdsr  aulvant  i 

<r,  <rx 

O'  -  A-1.  SM  ♦  A-1.  AF  .  (T1  ♦  A'1  .  BF  (Tf.  fA  'sl 

V  .  o  n  1  I  '  1  ^uppo.l.s  "pnnip.p  ,  i#()r  rilrul  .  « 1  pffpctu^  mi  p  r  A  a  I  a  b  l  e  par 
rdaolution  du  syatdsie  forsd  par  lea  dquatlona  de  I’dsiaaion  du  rotationnel  de  couche 
1  l • l t  e  au  bord  de  fulte  extradoa  at  de  conservation  du  ddhit  global  d 1  oil  le  schdaa 
aulvant  r 


Pf  Inc  jpe  _£#  rt^qi^Uon  du  J*rqb4r4*a  an  dcoulestot  _fttX*intnt 

Aprk*  on  calcul  effactud  en  fluid*  parfait  (on  prtntj  x  O  )  un  calcul  de  couch* 

lieite  donna  le*  dpalsaeur*  de  ddplacesent  en  tout  point  du  profil. 
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La  couche  llmite  etant  figee,  la  r jr*e  du  aillage  tourbl 1 lonnal re  eat  obtanue  par 
iterations  auccesaivea  conaecut i veraent  au  calcul  dea  ainguleri tea,  done  du  champ  do 
vi teases. 

La  solution  finale  est  obtenue  quand  i 

-  l'allure  de  la  couche  llmite  eat  figee, 

-  lea  sillagea  tourbi 1 lonna i rea  aont  confondua  avec  dea  lignes  de  courant. 

L  '  organigramme  presente  aur  la  figure  7  montre  le  princlpe  de  resolution  de 
1 1 dcoulement  permanent. 

Couplaoe* dcoulement  potentiel,  couche  llmite _en  joatat ionnalre 

Le  calcul  instat ionna i re  diffftre  du  precedent  en  ce  sens  que  lea  tourbillona  repartie 
aur  cheque  filet  tourbillonnaire  ne  aont  plus  d’intensitfta  dgales. 

Lea  laniftres  tourbi 1 lonna i res  aont  done  decouples  en  NSC  ou  NS  1  segments  d* intensity" 
ou  TTjj  qui  aont  convectda  au  coura  du  temps.  Si  ASe^  eat  la  longueur  du  j^^^egment  le 
thdorfcme  de  Kelvin  permet  d’ecrire  que  la  circulat  ion  T<tj  ASojse  conserve  lors  de  bb 
convect ion. 

La  figure  8  ddtaille  la  forme  du  aillage  aitue  derrifere  le  bord  de  fuite  de  l’aube. 

Par  silleurs  si  lea  intensity  dea  tourbillona  emia  au  bord  de  fuite  ft  l'extradoa  et 
ft  l'intradoa  aont  ftgalea  ft  et  ,  le  princlpe  de  conservation  de  la  circulation 

permet  d'ftcrire  ; 

-  ^ir^l  ♦  ASi.i  +  "*«i 

On  notera  enfin  qua  le  aillage  a  ete  prolong^  relativement  loin  au-delft  du  profit  ; 
11  eat  tronqud  ft  une  distance  choiaie  arb  i  t rat rement  et  un  tourbillon  libre  r^aiduel 
eat  ftmia  ft  cat  endroit  i  celui-ci  eat  auffiaanment  loin  pour  que  son  influence  sur  le 
cslcul  de  vltease  au  volainage  du  profit  ne  dftpende  plus  guftre  de  sa  position.  Son 
intensity  result©  d'une  coalescence  dea  intenaitfts  t ourb i 1 1 onna 1 rea  dea  derniera 
segments  du  aillage  que  1 ' on  doit  convector. 

Principe  de  resolution 

Le  calcul  de  l’ftcoulement  dans  le  canal  interaube,  de  la  deformation  de  la  couche 
limlte  et  du  si  1 lage9 a 1 ef f ectue  de  la  fagon  suivente  au  temps  t  ♦  At  t 

-  convection  du  aillage,  determination  de  Tq-j  ,  Vyj  (  J  1)  par  application  du 

theorftme  de  Kelvin  et  de  1’intensitft  du  tourbillon  altud  au  bout  du  aillage, 

-  calcul  dea  slnqol aritea (T ,  tt  ,  la  nouvelle  forme  du  aillage  etant  donnee, 

-  calcul  de  ft  partir  de 

-  calcul  du  champ  de  viteaae  induit  par  lea  nouvellea  aingularites  j  cea  viteaaea 
aont  ftvaluftae  aur  lea  points  de  controls  du  profil  engraiaae 

-  ce  nouveau  champ  de  viteaaea  ftvalue,  on  realise  un  calcul  de  couche  llmite. 

2 Jtt-Uaatim-Ua-ctttigt-attn-aisiLLUU 

Remarautf  i  lea  distoraiona  choiaiea  aont  dea  pulsations  ainuaoldalea  de  debit. 


L ' Acoulement  Atant  plan,  cea  loia  da  tranafert  da  grilles  aont  constitutes  : 

-  d'une  loi  de  tranafert  tangential  cor  respondent  h  la  projection  tangentielle  de 
l'Aquation  du  mouvement, 

-  d'une  loi  de  tranafert  axial  correspondent  6  la  projection  de  l'Aquation  du 
mouvement  sur  une  ligne  de  courant  ou  b  Involution  iaentropique  de  1  * Acou 1 ement . 

Lea  formulationa  prtfaentAea  aont  (Stabiles  6  partir  d'une  approche  monodimenaionnel 1 e 
fourniaaant  dea  bilana  ent rAe/sor t ie  moyena  (inttgration  du  moment  cinAtique  et  du 
dtbit  aur  le  pas  de  la  grille).  Lea  coefficients  intervenant  dans  chacune  des  deux 
formulationa  peuvent  b  leur  tour  Atre  explicitAs,  pour  des  grilles  donnAes,  en 
fonction  des  parambtres  de  l'Acoulement  et  de  la  diatoraion. 

La  premitre  loi  de  tranafert  eat  couramment  Atablie  b  partir  de  l'angle  d'entrte  ^et 
de  l'angle  de  sortie^^;  la  modAllsation  claaaique  au  premier  ordre  utiliaAe  eat  de 
la  forme  : 

(St  •  Fz  -  A2  (s) 

Compte  tenu  de  I'allure  de  la  caractA r i at ique  permanente  dA v l a t ion/ 1 nc i dence  (figure 
9)  et  de  la  plage  d' incidence  balayAe,  une  loi  au  premier  ordre  a'eat  avArAe 
suf  f iaante . 

La  figure  10  prAsente  1'influence  de  la  frequence  rAduite  de  la  diatoraion  aur  les 
cycles  dAv  i  at  ion/ incidence .  On  notera  que  involution  de  l'ensemble  des  ryrl#»« 
inet at  1 onna i res  eat  tout  b  fait  similaire  A  celle  obtenue  avec  dee  hypotheses  de 
fluide  parfait. 

La  figure  9  montre  involution  de  ^2  ,  anqle  de  sortie  moyen  du  cycle,  en  fonction  de 
1' Incidence  moyenne,  de  l'amplitude,  de  la  frequence  r Adult*  et  du  nombre  <l Mach. 
L'angle  de  aortie  moyen,  &  varie,  pour  la  f  rAquence  rAduite  conaidArAe  f  0 . 9  7'! 
auivant  I'incidence  moyenne  du  cycle.  Le  point  moyen  du  cycle  n'eat  pan  en  qAnAral 
aur  la  car  ac  1 4  r  i  a  1 1  que  qua  a  l  -  a  t  a  t  i  onna  i  re  et  incart  semhle  n'acrrottre  de  manJAre 
importante  vers  lea  qrandea  incidences. 

Lea  variations  de  aont  prArisAes  aur  lea  fiqurea  t 

11  en  fonction  de  la  frAquence  rAduite 

12  en  fonction  de  I'incidence  moyenne  de  la  diatoraion 

13  en  fonction  de  l'amplitude  (pour  2  valeura  du  tarn  de  turbulence  >  0.01  #t  n.O**' 

14  en  fonction  du  nombre  de  Hech  moyen. 

II  eat  b  noter  que  loraque  l '  on  fait  verier  le  tain  de  turbulence,  lea  rAaultata 
devlennent  conatanta  b  partir  d'un  taux  de  turbulence  de  3  t.  le  point  de  transition 
•  at  en  effet  pratlquement  remontA  au  bord  d'attaque  et  lea  effets  due  4  son 
dAplecement  d l apar a i saen t  . 

Laa  variables  aont  dea  qrandeurs  claaslquea  couramment  otllleAea  pour 

rapr Aaantar  laa  caract Ar iat iquaa  parmanantaa  d'une  griPe  d'aubea  de  compreaaeur 
axial.  NAanmolna,  caa  anglaa  n '  l nt *r v i ennent  paa  diractamant,  en  tint  que  variable 
aArodynam  i  que  da  baaa,  dans  las  Aquation#  Inst  at  lonnai  raa  da  atfranlq.it  dea  fluirtea. 

Catta  notion  da  dAviation  paut  At  re  abordAe  par  le  blale  du  momant  ctnAtlque  dont  le 
comportamant  aat  dtfcrlt  dana  la  projection  tanqentieile  de  I 'Aquation  du  aouvtatnt . 
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Le  bilan  de  totent  ctnAtique  appllquA  sur  une  nappe  de  courant  cylindrique  a'Acrit  i 

fL _L  az  *  v©2  i  \r&,  » 

J0  v*  at  PPvZl 

Coapte  tenu  de  la  forae  de  la  distorslon  AtudlAe  (pulsation  sinuaoldale  de  dAbit)* 
cette  Aquation  pout  Atre  aodAliaAe  au  preaier  ordre  sous  la  forae  t 

VOi-t-  A  *  Bvx.  +  CV*.  +  D  -  o 

dt  '  1  ell 

Fe..t  icl  auppoMe  fonctlon  linAaire  de  et  V^s 

Ce  type  de  foraulation  paralt  plus  physique  dans  la  assure  oft  lea  coefficients  qui  y 
interv iennent  pourront  Atre  identifies  A  des  expressions  intAqralea  dea  paranAtres 
aA rody naa i ques  dans  I e  cheap  d ' A c ou l ea e n t ,  ce  qui  facllite  leur  foraulation  en 
fond  ion  des  paraaAtres  de  l'Acouleaent  et  de  la  distorslon. 

La  deuxiAae  loi  de  tranafert  fournit  la  variation  au  court  du  leaps  du  coefficient  de 
perie  dont  la  foraulation  a  At  A  propoaAe  par  T  AK  A  T  A  et  NAGANO  : 

x  if  [“'4vf-Hz-ivJ-Li^LJ 

Pour  raster  cohArent  aver  is  foraulation  de  la  lot  de  deviation,  la  loi  le  pert  r  est 
prAaentAe  sous  la  forae  : 

A  (x-x)«-»(^i-R)«.  o 

in  flqure  IS  aontre  1*  influence  d**  la  f  rAquence  rAduite  sur  les  cycles 
per  t  es r  inc  idenre .  Au  >'nurs  de  «  es  *-yclee  Is  valeur  du  roef  f  ic  lent  de  pertes  X  P*ot 
't  re  nAqetlve  \  r  m  fait  n'est  put  en  c  on  t  r  ad  i  •- 1  l  on  aver  les  lois  de  |  « 

aAcantque  lea  fluides,  c«r  li  n'sqit  de  r oapa r a i eons  entre  dea  valeura  ent rAe  'aor t i e 
Aval  uAe  s  au  «Aae  instant  *•  t  o  e  tenant  done  tit  c  oap  t  e  du  leapt  de  convection  des 
partirulea  fluides.  O  cnef f  ic  lent  de  pertes  offre  l'avantaqe  d’Atre  accessible 
e  tpA r  isent a  1  eaent  en  ftittnl  des  hi  Ians  en t r Ae  sor t  i e  de  presaions  totales 
instant  anAes . 

*  •  -  LUJLHUtt*  .W^WLMVit.  .'>VlV!  W‘H 

11  s'aqlt,  dans  ••  e  cha  (litre,  da  *•  o»»s  1  dA  r  e  r  lea  •  e  •*  d  '  Ai  c»u  I  eaen »  A  >j  r  an«1e  s  i  nr  |  lent-  e  s 
provnquant  le  tA^nlleaent  prAastnrA  de  ]  *  .-i>u rhe  llotte,#n  jAnAfel  sur  I'eatrados  >t»t 
profits  d  ’  tube  s  .  'Ine  pm  tie  de  r  e «'  1  r  <  u  l  a  t  I  on  p  r  end  niminir  a  u  point  'le  <}A  r  o  I  l  eaen  t 
et  est  d'autent  plus  iaporta'de  que  le  point  de  dAcolleaent  »  ’  A  1  o  I  qne  du  bord  de 
f  .1  t  e. 

le  principe  de  rAsolutl  on  de  1  ’  Af  ou  l  eaen  t  est  tout  A  f  a  l  t  i  tie  n  t  i  que  A  «*  e  1  u  1  dA  c  r  i  t 
p  r  Ac  Adaaaen  t  j  sau  1  s  que  1  que  s  points  dA  I  v  c  a  t  *  deaarident  A  At  re  a  pp  r  o  f  ond  ■  a  , 

I  ’  oh  )  ec  t  | f  A  f .an t  de  n *  i n  t  r  »d*  re  iu<un  A | Aaen  t  eipAr iseuttl  dans  I e  c  a  I  <  u  1  - 

’  •  1  •  *  tllJiVA'IUft  .‘It  At'lMUk* 

la  principe  de  aodAllaatlon  adept  A  repose  essant  I e 1 | asent  sur  1’hvpothAse  que  les 
r  on e  a  tnrtaaant  tlsslIIAe*  »»u  la  •  I  *  <n  a  I  t  A  J  n  u  e  u  n  r  A  I  a  prApondArsnt,  restent 

eat  r Aa#a*n t  alnrta. 

*  •  cheap  d  ’  Ac  ou  i  eaen  t  pent  tone  At  r*  dAi  n  ipA  en  de  •  «  ■  tones  potent  tel  lea  A  preset  on 
totale  constants. 
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A  1'intArieur  ds  la  pocha  de  recirculation,  la  vittsse  du  fluide  eat  faible  at 
conduit  prstiqueaent  k  l'obtontion  de  la  poche  k  preaaion  Btetique  uniforee 
( correspondence  ivec  la  preaaion  d'sau  aorta). 

Lea  deux  zones  Atent  ainai  dAfiniea,  lea  N  conditions  de  tangence  a'Acrivent  i 

-  tangence  de  I'Acouleaent  au  profll  engreiaeA  de  l'Apaiassur  de  couche  liaite,  an 
dehors  de  la  poche  dAcollAe, 

-  tangence  da  l'Acouleaent  au  profil  rAel  de  l’aube,  k  1'intArieur  de  la  poche. 

Quelle  que  aolt  la  position  du  point  de  dAcolleaent,  le  ayetkae  aatriciel  constituA 
dea  N  Aquatione  de  tangence  at  de  l'expreaeion  du  rotationnel  de  l'Acouleaent  au  bord 
de  fuite  intradoa  reate  conataaaent  de  rang  N  ♦  1.  Par  consequent  le  principe  de 
rAeolution  adoptA  en  Acouleaent  non  dAcollA  peut  Atre  conservAvet  la  aatrice 
d' influence  A  n'eat  invereAe  qu'une  aeule  fola  au  coura  de  cycles  instat lonns l res . 


3.2  . 


Le  point  de  dAcolleaent  est  l'endroit  le  plus  aeneible  du  point  de  vue  nuaArique.  fn 
effetytroie  conditions  aont  iapoeAae  dans  le  voieinage  de  ce  point  t  deux  condition# 
de  tangence  (k  1'intArieur  et  k  1'extArieur  de  le  poche)  et  une  condition  d'Aeiealon 
du  rotationnel  de  la  couche  liaite.  La  aodAliaation  adoptAe  aet  en  oeuvre  un  calcul 
pertlculier  de  I'Apaiaaeur  de  dAplaceaent  k  proxiaitA  du  point  de  dAcolleaent,  qu; 
eat  un  point  sinquller  dens  un  calcul  direct  de  couche  liaite.  Ce  calcul  n'e  pee  pcur 
•ubition  de  rAeoudre  lee  Aquations  de  couche  liaite,  en  pertlculier  aprke  le 
dAcolleaent  turbulent  t  11  conaiate  k  extrapoler  I'Apalaaaur  de  dAplaceaent  eur  le 
seqaent  auivant  le  eeqaent  du  point  de  dAcolleaent  eelon  le  achAaa  cl-eprks. 


Une  critique  que  1  *  on  peut  faitP  eet  qua  re  echAaa  "*  rAaoud  Avideaaent  pee 
I'Arnuleaent  au  *ol*lneqe  d«i  point  de  dAcolleaent.  {  'object  If  dea  travau*  prAaentAa 
Ateot  de  qualifier  I'approcbe  global*,  cette  technique  dolt  Atre  ronaidArAe  roaae  une 
preatltre  appr  ox  laet  i  »>n  in  problkae,  qu  1  eera  ireitA  n  1 1  A  r  i  e««r  eaent  de  aantfcre  plus 
approf  ond I e . 


•  UulUU  it.tenlnul  uniml 

I  e  «'  ode  ni»a4  r  i  que  i  A  t  A  eppli  quA  eur  une  q  r  t  II  e  d '  tube  a  k  profil  SAC  A  d#  flnle  par 

lee  pereakiree  euivents  i 


-  r e I  age 
rarde 


•  pee 


2  %  .  3* 

*A  .  I s  aa 
7  2  .  f  %  aa 
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Deviation 

La  forme  da  ia  courbe  de  deviation  (figure  16)  s' incurve  de  manidre  classique  quand 
1* incidence  augments  |  on  remarque  que  pour  ce  type  de  grille  lea  effeta  viaqueux  en 
rdqlme  d6coll6  ont  une  Influence  progreaaive. 

Diatributioo  de  preaaion 

Celle-ci  eat  montrde  figure  17  pour  une  incidence  de  3D®  ;  le  point  de  ddcollement 

extradoa  ae  aitue  4  environ  70  %  de  corde  du  bord  d'attaque  ;  6  proximitd  de 

celui-ci,  la  preaaion  varie  de  aanifere  significative  pour  ae  raccorder  au  niveau  de 

preaaion  qui  a'applique  au  bord  de  fuite  intradoa. 

Dea  coaparaiaona  thdor ie/expdr ience  ont  dtd  effectudes  aur  un  profil  Isold  LC  90  D 
(pour  dea  raiaona  de  diaponlbil  i  td  dea  rdaultata)  6  dea  incidences  oti  1 '  on  peut 
observer  un  ddcollement.  Lea  calculs  ont  dtd  compards  aux  rdaultata  expdr imenteux 
obtenua  par  l'ONERA  j  la  coincidence  eat  excellente  jusqu'au  point  de  ddcollement.  A 
ce  niveau,  le  calcul  determine  dans  la  poche  un  palier  de  preaaion  ae  ddcalant  vers 

lea  valeura  obtenues  au  voiainage  du  bord  de  fuite  intrados,  pour  respecter  la 

condition  de  Kut ta- Joukowsk y .  Lea  relevda  expdr imentaux  montrent  que  c'est  plutfit  la 
preaaion  intradoa  qui  e'adapte  6  cello  de  la  poche  ddcollde  (figure  19). 

Coef f ic lent  de  perte 

En  rdgime  ddcolldpll  apparalt  que  la  valeur  du  coefficient  de  perte  ddpend  dnormdment 
de  la  poaition  du  point  de  ddcollement  j  celui-ci  d'aprds  lea  hypotheses  dnoncdea  au 
paragraphs  prdcddent  ne  peut  ae  ddplacer  que  aur  lea  points  du  malllage  ddfiniaaant 

le  profil  de  l'aube.  II  a'eneuit  que  pour  les  incidences  provoquant  un  ddcollement  de 

la  couche  llmite,  la  valeur  du  coefficient  suit  une  dvolution  par  paliera  et  non 
forcdrnent  continue. 

3.4.  -  Ddformat  ion  du  ail  lags  en  dcou  lament  inatat  ionnaire, 

I'dcoulement  aaont  correspond  dans  le  cas  dtudid  A  une  pulsation  ainuaoldale  de  ddbit 
dont  lea  car ac t d r  i  a t 1 quea  sont  t 

V  y  x  27.  A  (m/a) 

Vx  s  29.3  -  2  roaujt  (m/a) 
avec  (ds  1289  (  rd/a) 

ta  frdquence  rddu.'te  ar.aoclde  6  ce  cas  veu  0.48.  Ces  valeura  ont  dtd  choiaies  de 
telle  manltre  qua  le  point  de  ddcollement  ae  aitue  6  l'inetent  initial  4  environ  2/3 

de  la  corde  et  qu'il  putaoe  ae  ddplacer  6  la  foie  vers  le  bord  d'attaque  et  vers  le 

bord  de  fuite  extradoe. 

la  ddformation  du  stllaqe  eat  reprdaentde  aur  la  figurt  19.  Si  T  reprdaente  la 
pdriode  du  cycle  dtudid,  lee  Billsqss  trecda  cor  respondent  aux  temps  t  >  0  et  t  s  2 T. 

Lea  ondu 1  a t i ona  ohaervdea  aont  dues  4  la  diffdrence  dea  denaitda  tourb i 1 1 onna i res 
aur  chieun  dee  eegmenta  aituda  le  long  du  aillage 


▼ 
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3 . b .  - NCritiaue  du  modfr le  en  rEolme  dEcollE  e t  perspect ives  de  dEyeloppement 

Lea  planches  prEaentEee  prdcddemment  montrent  que  la  resolution  de  PEcoulement  su 
voisinage  du  point  da  d&col lament  eat  re  let  iv  emervt  gcaaaifere. 

Le  vitease  calculus  aur  lea  segments  aituEa  aprfea  ce  point,  diminue  trfcs  rapidement 
et  la  gradient  do  preasion  dEfavorable  correapondont  empfeche, prat iquement  la  remontEe 
du  point  de  dEcollement  vara  la  bord  de  fuite,lora  d'un  cycle  inatet ionne i re . 

Au  cour a  da  la  convergence  du  celcul  en  Ecoulement  permanent,  ce  phEnomEne  ne  ae 
produit  paa.  En  effet,  le  premier  calcul  de  couche  limite  effectuE  aprfca  la 
rEao 1 u  t i on  en  fluide  parfai tt permet  d’obtenir  un  point  de  dEcolle*ent  aituE  plus  prfea 
du  bord  de  fuite  qu'il  n'eat  en  rEalltE  j  au  fur  et  b  meaure  des  i  tEra  t  ions,  ce 
dernier  se  deplace  vers  le  bord  d  etteque  Juequ'fr  ae  poeition  finale. 

11  eat  clair  que  la  zone  de  recomp  rasa  ion  au  niveau  du  point  de  dEcollement  eat  b 
l'origine  du  probl&me  rencontrd#  11  en  rdsulte  que  le  preasion  atatique  (constante 
dana  la  poche)  eat  vraiaemblablement  m«l  calculEe.  On  notera  que  l'hypothftae  d'une 
preasion  totals  constante  (qui  rEaulte  de  la  mani&re  de  poser  le  problfcme)  dans  la 
poche»e8t  diecutahle. 

On  notera  enfin  que  la  maniOre  d'extrapoler  l'Epaiaseur  de  dEplacement  de  la  couche 
limite  reate  peu  precise  etant  donne  le  nombre  limitE  de  points  situEs  aur  le  profil 
(environ  AS).  La  mEthode  de  calcul  de  la  couche  limite  etant  directs,  il  ae  peut  que 
l'Epaiaseur  de  deplacement  h  Pun  dee  points  de  contrftle  situEs  en  amont  du  point  de 
decollement  aolt  relativement  grande  (prEaence  de  la  ainqularite  de  Goldatelnl  ;  lea 
grandeurs  extrapolEea  peuvent  slors  Etre  trig  variables  auivant  la  discretisation 
adoptee . 

*1q 


Lea  points  de  decollement  a 
^ qt  5^  son!  rependant  Irrs 


et  b  aont  relativement  peu 
d  i  KrrfnlPs. 


EloignEa,  lea  epaiaseura 


line  faqon  de  reaoudre  le  problems  de  meni&re  aat i af ai ean*e  eerait  de  ne  paa  calculer 
PEcoulement  dena  la  poche  (suppression  des  conditions  de  tanqence)  et  d'Eveluet  le 
preasion  de  celle~ci  k  partir  d'un  calcul  de  couche  limite  inverse.  II  apparett 
cleirement,  A  le  lumi&re  des  conna i aaances  acguiaea  per  eilleurs,  qu'on  obtLendrait 
einai  une  bonne  Evaluation  de  l'Evolution  de  PEpaisaeur  de  dEplacement  au  dEbut  du 
dEcollement,  ce  gui  dEterminerai t  correctement  b  la  foia,  le  point  de  dEco 1  lament f e t 
la  pente  initials  du  slllege  tourbi 1 1 onna 1  re . 


i 


t 
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L 1  inconvenient  majeur  concernera  l'obligation  de  conaiddrer,  on  fonction  du  mouvement 
du  point  de  ddcollement,  le  aystdme  permettent  la  rdsolution  dea  aingularitda,  de 
rang  variable  et  non  plu8  conatamment  dgal  b  H  ♦  1. 

4.  -  CONCLUSION 


Lea  travaux  ddcrita  dana  cet  expose  ont  abouti  4  la  moddliaation  de  divers 
dcoulements  b id imens i onne 1  a  h  travera  une  grille  d'aubes  de  conpreaaeur.  Dea 
extensions  de  la  niethode  de  base  ont  permis  de  prendre  en  compte  divers  effete  tela 
que  : 

-  compress! b i I i te  dans  le  domains  subsonique, 

-  calcul  aur  nappe  de  courant  6  rayon  et  dpaiaseur  variables, 

-  variation  de  la  vitease  d* entralnement  dana  le  caa  d'une  roue  mobile, 

-  effets  viaqueux  par  couplage,  avec  dea  calcula  de  couche  limite  instat ionnai re . 

Lea  rdaultata  obtenua  en  dcoulement  permanent  et  instat ionnaire  non  ddcolld  aont 
satiafaiaanta,  naia  ils  ne  peuvent  fttre  validds  quant i tat ivement,  car  peu  de  rdaultata 
expdr imentaux  aont  ectuellement  disponiblea  dana  le  domaine  dea  grilles  d'aubes. 

Dana  le  caa  du  ddcrochage  dynamique,  lea  dtudes  mendes  juaqu'd  present  ont  permia  de 
mettre  en  dvidence  1 1  importance  de  la  rdsolution  de  l'dcoulement  au  voiainage  du 
point  de  ddcollement. 

Lea  travaux  futurs  aont  orientda  vers  1 ' intdgrat i on  au  modfele  d'un  calcul  de  couche 
limite  en  mode  inver ae ,  pe rme 1 1 sn t  d '  in i t i a  1 i ae r  correctement  l'allure  du  aillage 
tour b  i  l  Lonna  i  re  extradaa. 

K  court  terse,  ce  code  sera  utilisd  par  les  motoristea  dana  le  cadre  dea  procddures 
devaluation  de  la  aenaibilitd  de  conpreaseurs  axiaux  multi-dtagea  aux  diatursions 
d'entrde  d'air, et  de  ddfinition  de  machines  plus  toldrantea.  Dea  applications  plus 
gdndralea  aont  envisagdea  pour  l'dtude  du  comportement  dynamique  de  turbomachinea 
(pompes,  vent i lateura,  compreaaeura  centrifuges,  turbines  ...)  coupldea  b  des 
circuits  part Icul iera# et  aoumiaes  b  dea  conditions  limitea  fluctuantea. 
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IMPROVEMEWT  OF  THE  PARALLEL  COMPRESSOR  MODEL  BY  CONSIDERATION  OF  UNSTEADY 

BLADE  AERODYNAMICS 

M.  Lecht 

DFVLR ,  Institut  fllr  An tr iebstechnik 
LinderhOhs,  D  5000  Kttln  90,  Germany 


To  (Predict  coapreiior  performance  with  circumferential  total  inlet  distort  ion. ^he  paral¬ 
lel  cowrciaor  model  has  been  applied.  In  comparison  with  the  experiment^ however . this 
model  till.  give  too  pessimistic  results  for  the  predicted  stall  line  shift  considering 
sector  angles  of  distortion  up  to  120  degree.  Detailed  experimental  evaluation  of  a  com¬ 
pressor  stage  leads  to  unsteady  performance  effects  obviously  being  responsible  for  this 
discrepancy.  In  order  improve  the  original  model, the  performance  characteristic  of 
the  coeipreseor  wes  extended  to  account  for  a  short  time  overload  capability  analogous  to 
an  airfoil  in  an  unsteady  flow.  The  governing  factor  of  this  modification  will  be  the 
t ime-to-stal 1  versus  the  time  for  a  blade  channel  to  pass  the  distorted  sector.  The  mod¬ 
el  improvement  has  been  demons  trated  for  a  DFVLR  and  a  NASA  slnole  *-  r  ~  — -- 

; ....  L*. J  <■  screen  induced  total  pressure  distortion. 


LIST  <)F  SYMBOLS 


A  flow  channel  area 

a  velocity  of  sound 

absolute  flow  velocity 
■  lift  coefficient 

U  '  hub  diameter 

D*  tip  dl  ajse  t  e  r 

F*'  lift  force 

k1'  cascade  influence  parameter  fflat  plate) 
ijj*  Laval  number 

1  blade  chord  length 

m  mass  f  1 

design  speed 
p  pressure 

*  i as  '-onstant 

1  temperature 

♦  t  iaut 

j  blade  tip  velocity 

w'  relative  flow  velocity 
/  nuSiwr  of  blades 

[  NTROObCT  I  ON 


a 

0 


0 


angle  of  attack 
rotor  relative  flow  angle 
screen  pressure  coefficient 
relative  mass  flow  density 
circumferent la  1  coordinate 
total  pressure  ratio 
density 
time  constant 


Subscripts 
eff.  effective 

F  screen  free  sector 

i  instantaneous 

red  reduced  to  standard  inlet 

conditions 

»  steady  state 

S  screen  sector 

t  total  condition 

1  to  4  flow  channel  positions 
•  critical  condition  (M  *  1) 


Following  an  evermore  i  *r>g*>  and  bailing*  of  flight  missions  for  the  propulsion  system 
♦  >.  a<  '  ount  for.  inlet  distortion  and  its  effect  on  stable  engine  oprrat  ion  ha*  Le.-ome  i 
me’ or  prob'e-*.  P12t-.it*  .-j.  .»i  •»  umpressor  inlet  plane  itself  may  be  of  a  very  complex 

nature  vn  reality,  such  as  total  pressure,  total  temperature  and  swirl  angle  nonuni  for- 
»]ty  -teady  state  as  well  as  unsteady. 

With'n  the  range  of  this  paper  t he  steady  state  circumferential  total  pressure  distor¬ 
tion  is  focussed.  Its  px^r  imenta  1  and  theoretical  treatment  from  a  research  point  of 
view  might  therefor**  !*•  only  a  glimpse  into  one  section  of  problems  concerning  inlet 
distort  1  or. . 

By  selecting  a  spanwise  i r -  umf er ent i a  1  sector  of  a  steady  state  total  pressure  defect 
in  front  of  s  compressor  a  real  distortion  pattern  has  already  been  idealized  (Fig.  1) 
in  order  t.n  keep  sjln  parameters  limited.  Such  a  type  of  distortion  can  easily  be  simu¬ 
lated  by  wire  mesh  screens  of  different  porosities  and  various  sector  angles  and  even 
for  this  it  is  very  important  to  understand  and  model  the  effects  on  compressor 
lahiv  lour  . 

From  the  experimental  investigation  it  is  known  that  circumferent ia i  distortion  will  de- 
rease  the  range  of  stable  operation  of  a  compressor  by  shifting  its  stall-line  charac¬ 
teristic  to  a  higher  mesa  flow.  A  tool  to  predict  this  change  in  compressor  performance 
is  the  known  parallel  compressor  model.  Since  It  is  based  on  a  steady  state  compressor 
character i at  it  only  it  cannot  account  for  unsteady  effects  seen  by  the  rotor  blades 
passing  a  distorted  region.  Some  new  Ideas  on  the  unsteady  response  of  compressor  rotor 
blading  combined  with  experimental  results  and  a  new  way  of  modifying  the  original  model 
are  given  in  the  following. 


EXPERIMENT  AMD  SIMPLE  PARALLEL  COMPRESSOR  MODEL 


In  order  to  understand  what  the  modelling  of  a  theory  ia  for,  the  impact  of  a  circumfer¬ 
ential  distortion  on  compressor  performance  may  be  outlined  first.  In  Fig.  2  the  main 
design  data  of  the  DFVLR  single  stage  transonic  teat  compressor  and  the  flow  channel 
with  the  screen  spoiler  arrangement  one  blade  height  in  front  of  the  rotor  is  shown.  Two 
spoiled  sector  angles  and  different  screen  porosities  had  been  investigated  and  the 
evaluation  of  performance  measurement s  without  and  with  distortion  is  given  in  Fig.  3. 
From  this  the  ma in  detrimental  effect  on  engine  stall  aurgin  loss  i.e.  the  shift  of  the 
limits  of  stable  operation  to  a  higher  reduced  mass  flow  is  revealed.  To  predict  this 
effect  the  ides  of  two  compressors  operating  in  parallel  i.e.  the  parallel  compressor 


I 
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model  had  been  established,  show  in  Pig.  4.  Conaidaring  two  separate  coaiprassors  oper- 
ating  on  tha  saisa  spaad  lina  characteristic,  the  one  at  the  Inlet  condition  aft  of  the 
spoiled  section  (S) ,  the  other  at  a  screen  free  inlet  condition  (F) ,  two  different  oper¬ 
ating  points  will  be  obtained  (upper  right  diagram),  if  a  common  static  outlet  pressure 
from  a  common  plenum  is  prescribed.  Putting  those  two  separate  compressors  together 
along  the  circumference  a  square  wave  pattern  of  total  pressure  and  total  temperature 
like  in  the  upper  left  diagram  will  be  expected  symbolising  that  no  cross  flow  and  in¬ 
teraction  throughout  the  two  sections  is  assumed.  Prom  these  distributions  an  average 
has  to  be  taken  to  give  an  overall  operating  point.  In  this  theory  the  compressor  as  a 
whole  is  expected  to  reach  its  limit  of  operation,  if  the  compressor  correlated  with  the 
distorted  section  (S)  has  reached  the  stall  limit  at  the  cossson  speed  line  characteris¬ 
tic. 

Prom  this  a  simple  one-dimensional  computer  code  had  been  built  up,  using  the  following 
data  as  an  input: 

the  screen  loss  coefficient  (£.)  as  a  function  of  screen  inlet  Laval  number  (La), 
the  compressor  pressure  ratio  T*t)  and  isentropic  efficiency  (a  )  as  a  function  of 
reduced  mass  flow, 

and  the  considered  undistorted  (A_)  and  distorted  (AR)  flow  channel  areas  (lower 
part  of  Pig.  4) 

Du«  iu  um  spoiler  installation  near  to  the  rotor  inlet  a  direct  coupling  of  the  screen 
and  the  compressor  stage  had  been  pre fared. 

From  the  minimum  reduced  mass  flow  of  the  compressor  the  relative  mass  flow  density  Q 
at  the  distorted  inlet  plane  3  will  then  be 
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(  marked  quantities  are  the  critical  values  at  La  *  1) 
Matching  plane  1  to  3  by  the  continuity  equation 


=  6>s(p,'\  w,r 

Lively  by  usinq  the  total  pressure 

ms  - '  -  w'  -  <w 


'<i  ‘is 


will  be  made  iteratively  by  usinq  the  total  pressure  loss  coefficient  of  the  screen 

m.  -  ’  -  -  mu 


The  assessment  of  (.  as  a  function  of  Laval  number  and  screen  porosity  is  given  in  de¬ 
tail  in  Ref.  1. 

In  order  to  get  the  compressor  exit  data  the  continuity  equation  xn  its  general  form  xs 
then  used  for  either  section  (distorted  and  undistorted) 

Q  „  A,  Vr„/r,> 


J  A*  A, /A, 


1.x  this  the  pressure  ratio  as  well  as  the  temperature  ratio  are  given  for  an  selected 
operating  point  out  of  the  performance  character iatic . 

With  0.  the  Laval  number  La.  and  tha  pressure  ratio  P./P  .  ( s tat i c/ tota 1 )  are  deter¬ 
mined.  «  ts 

The  exit  static  praaaure  then  becomes 
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♦  '  A.  A,  A. 


Having  ui  >•  this  procedure  for  the  minimum  mass  flow  value  of  the  distorted  sector 
first,  the  undistorted  sector  will  then  be  calculated  this  way  by  atapwise  increasing 
its  mass  flow  to  reach  an  equal  exit  static  preaaure.  Thus  tha  corresponding  operating 
point  of  the  screen  free  compressor  section  can  ba  found. 

The  results  of  both  tha  undiatorted  and  distorted  section  have  been  averaged  at  the  in¬ 
let  and  outlet  plane  to  give  a  common  operating  point  as  follows: 
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In  this  way  the  parallel  <  oapr««ior  model  va«  applied  to  the  teat  comprasaor  stage.  In 
Fig.  *i  the  calculated  value  a  for  the  limit  a  of  at  able  operation  out  of  Hu*  m'rdel  toper, 
symbols)  are  shown  in  coaipariaon  with  the  exper  imenta  l  reaulta  laolid  symbol*)  ompare.1 
with  reality  the  model  prediction  is  too  pessimistic  in  its  tendency  especially  f,  t 
smaller  sector  anqlea  of  dtatortion. 

The  main  reason  for  thaae  pessimistic  reaulta  may  be  suspected  in  the  assumption  f  the 
model  inherent  criterion  on  th*  limits  *  >  f  stable  operation  i  r  •>..*  r .  *  *»*  eel  tie 
atate  speed  line  stall  limit  within  the  distorted  region. 

Relative  to  a  steady  state  •' i  r  umf  er  ent  la  l  distorted  flow  region  the  i-t  i  i  \  ade  .1  . 

see  an  incoming  unsteady  flow.  As  it  is  known  for  an  sir  foil  in  unsteady  How  «  c-nt  t 
time  lift  overshoot  coiablned  witn  a  time  1 eq  in  stalling  an  be  expected  during  «  suddei 
increase  of  angle  of  attack.  Therefore  the  steady  state  per  formanre  ■  haia-teristi  might 
not  he  the  suitable  criterion  tor  predicting  the  limit*  <>f  operation  within  this  »«»del 
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coaprsaior  flow  field  ssnur  ament  s  had  Nsn  evaluated  to  reveal  an  unsteady 
characteristic  of  the  rotor  blade  passing  the  low  total  pressure  region  1  Re  f  |>  Th* 
compressor  inlet  plane  had  been  divided  into  )u  ■  1 1 « umf  er  ent  ta  1  «•<  tun  ••>  li  .oneideting 
as  the  inlet  condition  of  a  separate  compressor.  For  each  sector  s  >  lr'umferent i« :  •  m 
relation  between  inlet  and  outlet  plane  along  JO  radial  splins  positions  had  t-s#n  -stab 
1 1  shed  following  the  absolute  flow  path  throughout  t  fte  -usuptesaor  to  find  the  .  ■■ .?  r 
sponding  >ut let  condition. 

Radially  A'ereqed  values  then  had  been  taken  to  q  1  ve  *  separate  operating  p-inf  repre¬ 
senting  each  sector  along  the  cl  1  rumfer en<* .  The  resu  its  of  this  mu  It  l  pie  sett  1  e  v  a  i  >  n 
t ion  la  shown  in  fig.  A  ,  where  these  operating  point*  are  plotted  into  a  |  e r  f  •  >r man-  w 
map.  following  these  plots  luppei  left  diagram)  1  r>  the  direct  ion  of  b  l  ade  rutil  i<>«  * 

hysteresis  loop  is  given  representing  one  revolution  of  the  neprssrx  h lading  line 
this  it  can  be  seen,  that  indeed  the  steady  state  stall  limit  will  be  exceeded  entering 
the  distorted  sect  01  (solid  symbols)  After  this  a  break  down  may  be  observed  followed 
by  *  release  having  left  this  sector  to  begin  a  new  loop.  This  seems  to  be  a  typial 
behaviour  to  be  found  similar  on  an  air  toll  under  oar  History  angle  of  attack 
This  may  be  an  explanation,  why  the  original  parallel  compressor  mode  1  wi»h  s  steady 
■  tate  stall  limit  or  1 1 ar 1  on  must  give  those  pessimist i>  esult*  Therefore  an  instead, 

•  haracter  i  at  ic  of  the  rotor  Meding  should  be  taken  mt*  amount  Two  t  y|  1 .  «  |  *ffe,»* 
are  known  from  a  single  airfoil  subjected  to  an  1  nst  ant  sneou  »  angle  a  «tt«.  k,  «>ne  ,  » 

the  response  to  a  step  wise  hange  of  angle  f  attack  j  r,  *  stall  free  regime  pies-  filed 
by  the  lift  transfer  funct  bin 
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where  a  time  •  oust  ant  *  is  given  from  ♦  tte  ratio  .if 
(Fig.  a )  , 

*  ».e  ••**»!  1  is  »  poea  l  I'll*  a l*« * r  ♦  *  lS*e  Ilf*  .,v«u  »tiniit 

rease  of  the  angle  ,r  attack  ws-eeding  the  steady 
“f  f e.  t  (Fig  ’b) 


At 


l  e«* 


2  f  7 


dm 

Ut 


I  ,  ade  -tii. id  i*ngtL  and  *  >»  .  e  .  •  M  .. 


M"  ... 


esponse  *  1  a  r  am|  l  ' 
angle  kn<<wr  ■%  r  S  t  ame  1  w 


s  l  Mg  ♦  fi  1  s  fiara-teristi-  l >*h* v  t  ■  •** t 
when  e*.  ending  its  steady  *  t  a  t  «*  h  t  a  i 
)ev*Mo|>ed  a  hypot  hex  1  a  ..f  ||i  "effe.  ♦ 

This  hr#  l  •  ha*  land  su>  ■  es  n  f  u  |  1 

«}»>n*e  of  atl  axial  '<mpraMor  stage 
In  order  to  understand  the  pro.  edu  r  e 
«  n.  1  :i  i  mpk  in's  f  / pot  h*  *  t  s  f  i  r  a  t 
They  substituted  Hie  airfoil  by  its 
t  i  ve  angle  of  attack’  » ^  f  j  as  a  *yni 
lie  of  attack  i  ^  .  Then  7  ..  -  an  t.e  f 

"t  is*  -  to*  at  a  i  1  *  constant *ry  using  tt 


t  >  leteimi'ie  the  u  n  a  t.  e  a  ■  i 
i  at,. |ie  i  na  1  art  aneou  a  1  y  . 
i  ve  iih|  1  •  •  t  at  •  tt-  k  ' 

i  apf  l  *ed  b,  t  tie  |  r  e  s  e  t  i  • 
to  inlet  flow  <1iatn|*|on 
It  Is  necessary  g  «* 

transfer  f  u  t  ■  ■  t  |  •  in  l  e  | 
ems  output  *•  a  i +m\  input 
••und  as  a  fun*  »  loll  f  a  ,  et 
l-Sp  1  a*  *  t  i  «h«  f  or  s«  »  i .  n  t  e 


*  »  a  j  .  .  I  ir  i  *  *  t  a.  lift 

Me  .  k  and  •>  I  mpft  i  »  ■  Se  ' 

a  « *  t . •  •  i  t  .  ,  i  "  I  i  ♦  t  t,*.  i  - 

s  ).*  y  e  t  -.ut  i  i  ne  ». !  Me  ,  i  ■  fc 

and  ">i»  i  lered  t  he  ’effe 
■  f  t  he  »  ns  t  an  *  ane- -u  *  a* 
to  t.e  f  et  pi  si  r,e<t 
t,n  ique 


1  nput 


a,  <•)  «0 


Hm  /  /  -  t/T  . 

<.ut|.ui  a»n/l^  a<j  )  ti.!i 

Thi«  *•  f  tmct ,  v*  «nql«  of  attB.-k*  tK  ,««,•  th*  .mttnUiwwt  «n4l«  »,  Attach  in*. 

•  I  .  •II  > 

a*  l  Ich  and  SLapfcln  nah*  **d*  th*  hy^othaai*,  th*t  un*t**dy  stall  nlcnt  «»c  cat,  if  tht* 

"*f fact lv*  anqla  of  attack*  will  hava  raachad  lha  ataady  atata  ata  l  anqla, 

haat  thay  daflnad  tha  t la*  up  to  uhlch  unsteady  atall  *111  ba  dala/ad  aa  tha  ,*varnin« 

tlaw  conatant  t  of  a  alnqla  ktrfotl  tn  thla  apaclal  situation. 

for  thla  tha  ovarahoot  of  tha  an^la  of  attack  will  than  ba  nlvan  t  coat  ao .  ,  and  10 


-  a,  ( r )  - 


' 

dt  ! 


i 


1^4 


line#  for  •  HRfU  lirloil  the  corresponding  lift  ov«i»bao<  an  be  taken  fro* 


A  t 


t  «*«• 


2n  Am„ 


y«ltM  of  t M  tiM  constant  sill  t >e  foun/<  by  combining  this  with  eg 


5  * 


i  in 

•  and  11  t  •'»  <4 1  v* 

Mil 


•Kara  1  in  tha  blade  chord  length  and  *  flow  vel<*  ity 

rolloalni  this  (Kaory  of  Nallcfc  and  BiifAin  than  hypothesis  of  an  “effective  angle  f 
attach"  mi  taken  aa  a  useful  basis  to  modify  the  parallel  •a^rusoi  nodal  in  order  t- 
accemnr  for  instead?  aaro4|naalc  at  farts  To  do  so  the  rotor  relative  flow  angle.  ski  t 
la  'ouplad  with  the  Mit  flow  -andltlon  at  t  ha  rotor  inlat  has  taa"  one  1  dated  aa  at.  ir 
<|1«  • » t  attack  mij^ur  If  within  t  ha  diatottad  *e«  tor  of  t  ha  nodal  t  ha  reduced  *aaa 
flow  i«  decreased  tha  mat  ant  ana»ui  relative  fl*»w  angi#  r  >  a  in.  i  «  »« »i  fun 

tl«»r>  and  according  t«»  tne  i»j  p»**  •  •  an  "effective  relative  turn  angle*  a  ^  f 

19  t*>  follow  up  to  the  ataady  at  ate  linit  f _  * 

ha  >Mit  1  laad  in  the  I'jmi  diagram  of  Mg  t ,  *Wle  **f  fat  >  i  v»  relative  fin  angie*  t  n 

onaidevad  to  follow  in  a  tranafar  function  aiailn  « •>  a*,  that  a  i  iim  j.  f>*Mi  « 

at  epw  laa  relative  f  low  arw|  1  a  over  aftoof  >»rr  e a pond  mg  to  a  »«n  ♦  i .  -a  unde  •  ah<»>»  •  1 1  »•  i  • 
this  arss  way  be  established 


St} 

d. 


-•*  \*'4"  4 — 


<a«  t  an  t 


!*■  'hi  a  tha  rati.  f  t  iaa  4  '  r‘  t  •  t  )  arte  »  pa 

•nataai  T  will  t>a  'ha  dominant-  iaiaa»l»i  f  h  r  *  »  mm 
'  <>>!•  of  that  value  1 1  van  t  n  eg  I  1 

’  •»  f  da  r  t .  ■  i  af  I  amen  »  this  •*  aw  i  il«i  i«n  »  *  r>  •  t  a  ad »  a  t  •  ,  >  tali  • 

*«•»  awrwf  a )  i«<|uli«a  operating  f"»  *  h*  -l  i  at  or  rad  •#.»•»  ajtr  a  i>»war 

*  hen  gj  van  f  r  <s»  tha  ataady  ill'*  |.ai  fi.tau'v  e  hata  *a*»ati  fhata 

»i  haa  t«-  »«♦  aat  »  ep**  1  atad  laffi.l  l»a  steady  atal.  :**»•  bwi 

*. ,  a  »  at  a  a  i  a  f  *par  a  •  t  ng  j«mm»  t>e  » «g  t  *  <wnd  *.• ,  •  >*•  au  l  »  1 1  i  *  aa  t  • 

1  I  *  tuM  at  I  a  tNapf  •#(•«  f  >  •  t  the  a  »  t  r  apt  ■  1  *  •  i  •  •»  f  «  ha  r  •  » 

»  tve  aai  iskiw  ;.t  aaaur  a  r  *»  i  •  >*.*»  ant  •  -t  •  i  *  .  ••(«,  »  «*  »pee«1  i  n» 

li*  •  r  am » 


•  he 


•  ha  a  1  |  «  J  I  «** 

» »*•  •  el”  I'  1 

tag  in  0  l  i  «  «  .1  ha  » 


ft  e  !  *  f  *  t  a 


«•  in.fl  -tad 
f  i-r  add  »  •  l  •»- 
i  r.  /  a  a  ;  i  *  ,  i 

•vary  within  *  r*a  u*td  i  at  ct  t  a<1  »  *•< 

«■  wa  »  ;  a  aavera  >raUiMii 
■  k'r  r  ha  aa  apt  r  ■•iaet|-«n*  ♦  ».a  *«*»r>.lad 

•  tare  wanner  »  ■  «  a*  •  a  i  >  a«tan<1 

f  -fen  a  a  i  »  *  •  »»a  »l«  -va  j  l  •-  a-  »  i  »  a  i  ••  •»  >  ■> 

aa*  tadvjad  '  la  •  »i"  /  n  */#•  . 

a  a  ade  afte  «  ua«  ■«<!»  *  a»i*  u.  ,  r  *■ 

Wf’  *  a  i  ^h  t  T*e  a  i|e  »  a-|  a  « r  r  i  r#  '  i  r>.  e 

*«!>#»  .litlf  a  j  h, 


t'  a  .  i • 

'n//  •  t%a  a 


1  '  *1  < 
.-•till 

•  •  t  a  a  vl  i 
» a  t  r 


a  l  I  i  .  a  .  aa^  ♦  a  •  •  »  a-  «»*  . 
r  ad  tar  ..nd  ♦  »*e  %' 


f.a  pa  i  •  .a  * 

f  adu-  ad  *a •  v  *  •• 

»*  *  t  i  «  tl  a »  •  »a* 

*  at>«  r  i  it  a  »  >•  r 

v  a  i  a  *t  |  -n  I  aer  •  v 
-•U  ■  I  t.e  *  IM| 

•  III  *  *  -  4  *  wad  4- 


4  I'*  W*  .1*. 

''*1"  '  ' 
«•  *  I*  *  i 


A  < 


/  »  Aa 


t * 


4  fiat  i  it**  aa  ad a  •  i  i 
W  Hi  I  1  t  he  f  t  1  tt>  a  '  iM 


'  a  ap#'  • 
*  n  a  t  ant 


•  »  i  ^ 


r 


»  i  * 
*•  ^ 


f  i*r  the  l»f  Vf.k  ‘*epr  tl*i  'i  r  ■  t  •  ha  •  r  >la  t  *  war  »<  i  t  uda  f  ‘tie  '  i>r  •••♦*•■**  wf  i  ■  t 
•  l*jnt  ba  app  1  lad  *  <>  tha  w**da  i  «r  a  ah*«wt>  I  •  r  i  4  l  ”  a  1  •  -0*4  tha  relative  hi  ada  '•#  )  ^t- 1  > 

nlifht  ba  |waat  I  <mab  l  •  ,  whi-t.  value  ouM  i*a  r  apt  aaan*  at  \  va  f  t  a  fiana->ni  aar-reaa-i 
f'lni  Wotaover  no  •imnnii  f)>>w  a  ape-  t  a  heva  t>wan  <>nai-t»rad  |»t  1  « ir><j  the  «  1  we  -t 
atant  Thataf**t#  *«f*iy  •  ’waperia.-n  f  »>i«i  ia«Mal  rwaulta  and  w<dai  pre'tt  r<«n  •«.  4 1  * 

an  a nawa r 


t'tMTMilttdll  »r  RkkOIKBKT  Mtt*  V  *T  KMtPC  PAftAM.ri  ••*?***»***  K»  d»f  I 

Tha  unataady  modification  of  ha  petal  lal  <aapr  •ami  audr)  yaat  de>  r  1  bad  had  bean  «i 
pi  lad  fot  tha  OfVLI  teat  oaspreasor  aa  well  aa  fot  a  IMA  ain^l#  tiay*  <«pt«»v>i  ••*» 

tha  first  a  cnayirlmfi  batwaen  aaper  mant  and  model  prnd  let  ion  for  a  end  1  i  0  dntptee 
sector  antfla  of  dletortton  ta  -41  van  in  hp  lit  showing  plots  of  the  ptadlcled  staM 
limit  of  the  staedy  state  fopen  aymi>ola)  aa  well  aa  of  the  unsteady  frloeed  a|fm>  u  1  s* 
version  of  the  parallel  compressor  model.  Tha  results  in  riv  l la  hews  been  obtained  by 
usln^  the  time  constant  derived  for  the  single  airfoil,  those  in  fl^|.  lib  by  rorrectini 
for  a  cascade  influence.  Tor  either  cases  the  eld  span  value  of  tha  time  constant  has 
> een  chosen  to  represent  tha  overall  behaviour,  hatching  tha  time  constant  for  a  r ear ada 
influence  the  results  fit  beat  with  reepart  to  a  stall* limit  prediction.  A  descrapanry 


It* 


home  vet  rM4|M«  in  ih*  Lava  l  of  p»  ••tut «  t  at  V-  between  ia«n(  and  »*>de  i.  Thi»  mUu 

be  J»»  •>*  •  t  ea  1  unsteady  b«h«v  i  >ur  already-  ahowfi  in  F  i  <4  ►.  ehere  *  hr  hysteresis  if  >p*  t 
^  mi  i  a  a  «  who  1  a  l  ■  shifted  t . .  «  na»whi  t  1 <  >we  t  level  against  the  steady 
haiatetlsti  ly  vtlhii  the  und  i  et  or  t  ed  region  Th  i  •  aiijht  even  t-e  *1  i 

within  t  he  n  t  .|h  i^eed  i  i»n*  Yet  the  Model  it<e«  not  amount  fur  such  an  effect 
To  app  1 t  f*»i  the  NAIA  oe^rtM>H  »e*t  aae  the  ne.eaaar  y  data  ate  taken  f  l  <ae  he 

F  » -4  l  ;  shows  the  float  hanne  1  and  the  apt.il  let  ar  r  «n«|aaahi  in  front  "f  the  <ssp 

•  ta<|«  and  the  »»at  raa««lt(  htomj  a  t'  "  at  een  a^>i  In  f  44%  ^itoaKy  P't<e  m 

freaeot  tfeei  .me  herecteiisti  in  » he  lean  >^«iat  lor  node  )  »!  *pl  i  he  jx-mta 

taken  t<>  run  the  auda  in  e  simple  aa  aal  I  aa  eat  ended  veialon  Since  the  aode 

bull*  Jp  f'M  a  direct  coupling  between  screen  and  -a^ieatcr  in  let.  that  ii  n 

inter  rerenca  >f  distorted  and  and  I  at  <>t  ted  sartor  in  front  •  the  -sspressor 
Ine  thla  predict  »«»n  are  show*'  in  ft<|  \  *  in  thia  liters*  the  al  ulate.1  ami  ■< 

•  vela  of  distortion  are  negated  Pus  t..  the  Site-*  a-  teen  oupltn*|  each  a  peed 

i-e  t  S- >  .  at  aid  in  a  1 1  at  or  t  lob  ha  r  a  teriati  eher  e  the  il  In  den. -t  e  'he  •  ia^  S  e 

•  rate  «d*  .  end  » he  triangle#  repreeertf  the  e a t ended  unsteady  m.mIi  f  l  a»»o*. 

4  ih«  respective  values  *re  plotted  into  a  par  f'iMn<  »  aa  I  showing  the  iepr  ven*ert 

a  t-ieved  by  the  e* tended  e*«de  1  Seause  the  measured  distort'  >n  ieve.  reveal*  n* 1  dir 
■  mpitrw  'if  the  a-reet<  t>  the  ■efiaaioi  in  a  neat  »tep  a  de-ouplinu  -f  the  a<  i  »«i  * 

i  !  ear  n  r  ed  inf-  •  he  mode  .  t  a  *  ‘hint  r . ,,  «  an  -r  *  likely  f  I  *w  aacfiin  I  aa  the  t  e  f  <>f  e  if 

<  l*%»  t  h  t '  »u«|h  the  •  i  ear  *•  a  •  a  !  ul«i  ed  sepe  r  a  *  e  i  ,  a  1  l  ■  nt  i  n-y  trie  1 1  a  t  ■  i  t  ed  «e>  t  ■  *  r  t  .  •  * 

•  end  .» a  l  n<|  t  f\e  an  asm  n  t  urn  e|ua»  i  •  •*<  a  a  a  •*  add  i  *  ions!  i  npu  t  *  a  r«  1  i  «  a  Jin  ejual  tin  i  y 

*u  I'-  i  fa  l  up  and  d*»wf>  stream  i^ull  i»r<  *rb  e  Mvtnj  el  ulatef  •  f  e  diet  ./ted  *e. 


at  a  t  e 

'  'i>*4e  r 

f 

feasor 

have  1  gr 

has  la* r 

•ut ua  . 
MUll  t 
ea  bui ed 

1  i  r>e  ar 
at  ead> 

M  /i  r  i  y 


'■•h  i  r*ti  *  he  a-  i«a<>  a 
f  •»!  the  1 1  at  ->r  ted  ae 
measured  distortion 
aion<|  the  ui  ve  laic 
t  r  i  man.  e  pled  l  t  I  >r 
for  the  a  te«d  |  rlO' 
I  t  ea  r  A#  «t>  ea  *0%  i  r 

*  i  at  e  .  r  ea  a-*r  ■  • « 

■*♦  ah<  *w  » t»«4  t,. .«  t  «  i 
*1*  ‘  *  «’  o-ate  ad . 


•up  .  l  ‘i-4  t  ’  »  t.e  «.  m»p-  r  e  a  a  r  ha  a  t.ee  n  i  t  e  t 

'or  r  tint  r  Si  »  a<|ai*-.  at  the  aapreasot 

leva  «»ul<l  tte  eel!  predicted  a*  shown  i 
►  «•  t  he  l"i  ifi<i  le  f  liriniu  *  i  ♦  l> 

•  her-  *  *>  i  eved  by  'hr  parallel  aep  r  e  a  a  i 

art.de  I  ope  r  ’  r  |f  ,|  «  *  ee  I  *  a  f  *  ■  t  *  fie 

r  r  »he  i  >•  •  a  peed  our  the  e-  xfe  i  |«o 

MM.  *■  e  .nd  I  a  t  .  ii  t  ed  it'  and  1  i  a  • 

•  t<e  I'.a  ■  :  *  •  e#d|  *t  .if  »pee  1  i  ea  a  * 

» ».  t  »  '  in  «  »  a  :  de  a  ,  •  i  «.  »  i  •  •  ?  1  i  1 1 


•  I  Ur  1  ,  pe  r  f  of  me<!  a  . 
inlet  H>  t  f«  t  s  me  t  h 

n  t  I  i  The  4  i  vet 

!•  <.m\  t  e  a  a<  •  t  inlet 

mode  1  la  |  I  ve  *■.  i  1  t 
it;  at  ea.tr  m*x1e  i  <}>*  n 
r  i  n-4  (clef*  for  r  tie 

*  t  ed  ">l  »  e^  l  or.  air 

t>e  eat  i  ap*>  l  at  ed  «l 


rh*  tel  t  ■ ' » e  .  -1,  m  (fell  tj  I  •  1  l  e  a  a>  f  .  I<b  r  if  r  fed  ♦  if  oit>  'rirr'ii.  »  '  . 

yr  I  e  a  •  u  I  e  I »  *  *  1 1  ■  •  >  r  »  »  >r  a  *  i  t  *  j  t>  a  *  a  n  I  i  :  ,  i  mp  t  e  1  t  ,  .  r. .  t  p.  i  •  t  i  .  i  .4  u  n  1 1  e  a  d  ,  %  .  • 

*  l  fut«>  lai  lit  1  •  ever-  .i»t  1  •  1  «p  1  a  *•  kI*  •  .1  f-  •  v  •  he  1  e-  m|  «  e  a  a .  1  v  |«t  al  wy 

I  «*  •  ir  T.  t>  «•  the  10  nature  .‘f  t  ».*■  *  j  t  f  1  Umtln  f-et-.avi  >u  1  1  »  «e  :  t  'u.  ' 

1  Sea  •  1  aed  •  *>  •  p*  •*  »-•*»•  lev*  i  oped  b»  Me  a  *  >*d  ■*  1  *|-k  1  •  t  4  i  ve  •  '  in*  •  .  •  t  «  .  ,  .  1  t  v 

f  1  •  '«•  tui*  a»  '.  *■  t .  1  »  r,«t  o  1  4  1  >■  a  ve  *.1* 

»»•.  -  mo.Se  .  ...  e-  1  l«  »  •  *  «*  at  <  ••••»  *■  ><!e  apro  i  je  1  t  >1  a«  >>  e  '  ,»  1  a  t  e  < 

•*  '  .  *  ae  .  f  na  •  •  *  »  e  a  *  ended  •  e  *'  1  ae  •*  ,  1  U)  I  'U  !  1  ,  1 1  -  r  -  'tv  1  %»*!..» 

•  read,  •  t  *t  e  |«l  it  ,  4  ei.  |  l  •  ►  ft  '  «  »n  e«  t  .  ,  .  .  .  .  mm  a  i  •  .  a  I  1-4  'M.  1***1  1  e  apo 

*•  •  t  ••  le  a 


t  *%»  i-  t 

W  #  a  l  arpk  1  • 


v*e  i 

Mender  a* »»' 

•  a  P  tail 

t  S<  hne  1  1 

Ilf  h 

PS  Si  I  araheah 

v  1  ixjy  le 


•eitra.  f  Ut  .ri'U  In  A«i»  r»  I  1  "n,l  ,'»■  ><e  ■  c  |l  1  .i.nri 

it  I'kMiiiy  -I  •  Se  1  lull  1  mrun-j 
1 1«  t  ttr  vi  >  r  a  a  *  -  ♦ 

k  t*  1  1  1  •  •!  the  •  t  f  t  i  ■>  1  *  *  t  f»>4  1  *-e  e|  at  it  1  .  1  t  , 

A  I  AA  t«|ef  «*•  •  I  ;  l  • 

A  '••pa  »  i  •«■!.  r-e  t  aa*  n  •  a  ye*  1  »  nmm.i  a  and  flie.in  1  a  tiu-tuar.ii^ 

lift  ...  a  a-  adea  at  I.  «  ft  e.juen  ,  p«  1  Mae  t  •  t  a 

A«M>  Faj-ei  •  #  .,f  • 

Mmi  und  Red  i  a  I  feuapi  e  a  •>  <1  et. 

kvi  f  1  a<f  a  .  Re  1  1  in  ,  Up  l  «*#*  >  Ve  i  lay  i  ft  I  py  4  P  ;  4 

(valuation  of  Raruye  ana)  niatortion  to  lei  an.  e  f  t  M  i  sjtv  Mach  Nuaiui 
Tianaoni  fan  Stages  Vuluaa 

MARA  I  y(04  lltMl 


-Aft . 


to* 


ri*.  l 

simulation  of  total  prcitur* 
»nl«t  distortion 


riu.  I 

I'PVt.P  t  ranaonic  oa^rtiiot 
taat  r  i  aiuy«Ha«nt 


>0MP«SSCM  STAJf 

OfS KN  data 

*  *  17  T  Hq/t 

n,  *  I.S 

u0  *  <.?S 

Dq  *  i)<*  *» 

0,/Qor  }.s 

;•  llXA  M(.A 
7;  HAC  A  6S 


Mv  * 

»  .if  ikituM  u»n  <m  rumpi «•»,>( 
!»•!  f  ij i man*  « 


at 


8 


spoiler 


compressor 


Fig.  4 

Schematic  outline  of  the  parallel  compressor  idea 
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Fig.  5 

Result  of  the  parallel  compressor  model  stall  line 
prediction  (open  symbols)  compared  with  the  experiment 
for  the  DFVLR  compressor  stage 
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Fig.  6 

Result  of  a  multiple  sector  evaluation  of  flow  field  measurements 
(Each  sector  represents  a  separate  compressor  within  the  perform* 
map) 


time  f/T  — «■* 

a)  I-ift  transfer  function  b )  I.ift  overshoot 


Fig .  7 

Typical  characteristics  of  an  airfoil  in  unsteady  flow 
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Fig.  8 

Response  of  an  airfoil  representing  transfer  system  to  a  ramp  Input  signal 
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Fig.  15 

Effect  of  screen  decoupling  on  the  prediction  of  distortion 
level 

(Numbers  denote  subsequent  sector  angles  of 
distortion  at  the  compressor  inlet) 
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Fig.  16 

Parallel  compressor  model  performance  prediction  for  the 
NASA  compressor  stage  in  a  screen-decoupling  mode 
(Circles  =  steady,  triangles  *  unsteady,  S  and  F  on  the 
undistorted  100%  speed  line  are  operating  points  of  the 
parallel  compressors) 


DISCUSSION 


PhJUmette,  Fr 

1.  In  Figure  lib,  at  nominal  speed,  the  measurement  show  a  large  difference  between  a  60' and  a  1 20'  screen,  which 
is  not  the  case  for  the  calculated  stall  points  which  are  close  together.  Can  you  comment  on  this? 

2.  In  Figure  1 6,  how  do  you  extrapolate  the  screen  unsteady  stall  point  S  outside  the  stable  operating  zone  of  the 
compressor?  Should  die  operating  nominal  speed  line  not  go  down  at  reduced  mass  flow  from  the  stall  point? 

Author’s  Reply 

1.  The  model  cannot  in  all  cases  reproduce  the  level  of  pressure  ratio  experienced  in  the  experiment.  This  may  be 
due  to  the  fact  that,  firstly,  the  blade  operating  point  does  not  follow  the  steady-state  speed  line.  Instead,  the 
hysteresis  loop  can  be  found  on  a  somewhat  lower  pressure  level  as  illustrated  by  Figure  6.  Additionally,  from 
experiments  with  a  1 20'  distortion  it  can  be  supposed  that  the  hysteresis  loop  of  the  blade  operating  point  could  be 
wider.  Secondly,  the  model  is  one-dimensional  and  assumes  only  an  idealised  square-wave  distribution  of  the 
pressure-time  history  over  the  distorted  sector. 

2.  The  extrapolation  of  the  steady-state  operating  line  with  respect  to  an  unsteady  overshoot  of  the  stability  limit  has 
been  made  as  a  suitable  compromise,  which  I  have  found  out  of  the  multiple  sector  evaluation  (Fig.6).  Of  course,  it 
can  be  discussed  whether  holding  a  constant  quasi-steady-state  maximum  pressure  ratio  is  an  adequate 
extrapolation  to  represent  the  average  of  an  unsteady  effect.  I  really  do  not  have  sufficient  experimental  validation 
to  use  any  other  type  of  extrapolation.  In  this  part  of  the  model  extension  I  mainly  looked  for  a  suitable  prediction 
of  the  limits  of  the  stability  line.  Therefore  I  assumed  that  this  approach  might  be  a  fitting  compromise. 
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TURBOFAN  ENGINE  POST-INSTABILITY  BEHAVIOR 
-  COMPUTER  SIMULATIONS,  TEST  VALIDATION,  AND  APPLICATION  OF  SIMULATIONS  - 

by 
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Manager,  Engine  Oparability 
Aircraft  Engina  Buainaaa  Group 
Ganaral  Elactrio  Company 
Svandala,  Ohio  45215 
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SUMMARY 


lie  papar  praaanta  a  method  that  can  ba  used  to  predict  the  poat-atability 
operation  of  a  turbofan  angina  and  is  based  upon  extending  the  capabilities  of  engine 
transient  cycle  decks.  Typical  pradictions  are  presented  and  compared  with  results 
obtained  from  the  taating  of  a  modern  augmented  turbofan  engine.  The  potential  manners 
in  which  this  new  digital-computer-simulation  tool  may  ba  utlllaad  are  also  discussed. 

C-fUi  -ta-? 

SYMBOLS 


H 

- 

compressor  hysteresis 

N 

- 

Mach  number 

PS3 

- 

Compressor  discharge  static  pressure 

"c 

- 

Corrected  flow 

WF 

- 

Mainbumer  fuel  flow 

rp* 

- 

Revolutions  per  minute 

- 

Combustor  efficiency 

1.0  IHTRPPMIIPH 

It  is  becoming  generally  accepted  that  hot  starts,  hung  starts  and  nonrecoverable 
stalls  (also  known  as  stagnation  stalls),  vhich  may  occur  in  turbofan  engines,  are  all 
characterised  by  the  presence  of  a  compressor  instability  -  rotating  stall.  However, 
the  aero thermodynamic  path  takan  during  instability  by  the  high-pressure  compression 
system,  the  system  of  prime  importance,  can  be  quite  complex.  This  and  state  can  be 
readied  in  basically  two  ways.  In  one  way,  it  can  be  caused  by  a  destabilizing  event 
at  high  compreasor  speeds  that  induces  surge.  This  surge  can  then  degenerate  into 
rotating  stall  as  compressor  speed  decreases.  In  the  other  way,  if  an  instability  is 
induced  at  low  speeds,  such  as  in  the  start  or  idle  regions,  then  rotating  stall  may  ba 
Induced  directly. 

If  hot  starts,  hung  starts,  and/or  nonrecoverable  stalls,  all  which  have  the 
potential  for  jeopardizing  the  integrity  of  an  engine,  are  to  be  prevented  or 
controlled,  then  a  tool  is  required  that  will  provide  the  requisite  understanding  of 
the  post-stability  processes  involved. 

Based  upon  our  studies  (References  1  and  2),  this  necessary  tool  is  a 
time-dependent  digital  computer  simulation  of  the  engine  such  as  an  "expanded*  engine 
transient  cyole  deck.  Although  these  simulations  can  differ  in  the  details  associated 
with  solving  the  governing  equations  (e.g.  implicit  or  sxpliclt  technique),  the 
aerophysice  that  must  be  represented  are  common  to  all.  To  that  and,  volume  dynamics, 
in-stall  and  reverse-flow  compressor  characteristics,  stall-development  and 
stall-recovery  time  constants,  rich-side  combustor-heat-addition  characteristics,  and 
rich-side  flammability  limits  havs  bean  added  to  the  standard  low-frequency 
engine-transient-cycle  deck  to  provide  the  needed  capability. 

While  this  paper  presents  results  obtained  using  an  illicit  solution  technique 
(Reference  1),  the  methods  used  to  represent  the  components  and  the  engine  have  proved 
equally  valid  whan  using  explicit  solution  techniques  as  in  the  case  of  a 
high-bypass-ratio  non-augmentad,  separated  flow  turbofan  engine  with  a  single-stage  fan 
(Reference  2).  Further,  both  of  these  techniques  have  bean  used  with  equal  validity  to 
rapreeent  a  high-speed,  high-praasura-ratio  compressor  in  a  rig-test  configuration  end 
a  high-speed  compressor  in  a  variable  cyole  configuration.  This  multiplicity  of 
successes  has  provided  the  confidence  required  for  using  this  type  of  simulation  tool 
as  an  aid  for  interpreting  test  data,  validating  the  geometrical  design  of  new  engine 
configurations,  pradioting  the  stall  recovery  characteristics  of  engine  configurations, 
and  developing  stall-recovery  control  strategies. 


12-2 


3.0  MODEL  FORMULATIOM 

The  Mannar  In  which  the  post-stability  simulation  was  constructed  ia  dascribad  in 
the  following  aubsaotions.  Substantial  conaidaration  was  given  to  breaking  tha  angina 
into  its  coaponant  parts  so  that  tha  iaportant  and  nacasaary  aarophyaioal  faaturea 
could  ba  rapraaantad. 

Aa  background,  it  should  ba  notad  that  tha  mixed-flow  augnantad-turbofan  angina 
that  was  us  ad  for  this  study  oonaiatad  of  a  thraa-staga  fan  with  variable  inlat  guida 
vanas,  a  nina-staga  coaprassor  with  variabla  inlat  guida  vanas  and  variabla  stators  in 
stagas  1  through  3.  an  annular  coabustor,  a  singla-staga  high-praasura  turblna,  a 
two-staga  low-praaaura  turblna,  a  aixsr  for  Mixing  tha  fan  bypass  and  cora  atraaaa, 
augaantor  spray  bars  whoaa  porta  wars  controllad  to  provida  aftarbumar  Modulation  over 
tha  whola  augaantor  fuel-flow  ranga,  and  a  variabla  convargant-divargant  noxala.  A 
achaaatio  of  tha  angina  coaponants  and  voluaas  is  givan  in  Figure  l.  Tha  fan  and 
cosprassor  variabla  gaoastry  was  controllad  aa  a  function  of  corrected  speed,  and  tha 
noitle  area  was  controllad  by  a  fan-duct  Mach-nuaber  signal  in  order  that  tha  fan 
operating  lina  would  ba  aaintainad  at  tha  desired  pressure  ratio.  This  angina  had  a 
bypass  ratio  of  approxiaataly  one. 

Tha  starting  point  for  tha  davalopaant  of  tha  coaputer  siaulation  begins  with  tha 
usual  steady-state  and  transient  cycle  decks.  In  our  deck  davalopaant  systaa,  tha 
transient  cycle  deck  uses  tha  staady-stata  cycle  deck  aa  its  beginning  point  to  which 
tha  rigid  body  rotor  dyn sales  (Moments  of  inertia)  ara  added  as  wall  as  are  aodals  of 
tha  angina  control,  variabla  gaoastry  actuators,  and  control  sensors  with  thair 
attendant  response  (aaplituda  and  tins)  functions.  Also  included  ara  heat  soak  and 
parasitic  flow  raprasantations.  Coaputar  aodals  constructed  in  this  manner  ara 
adequate  for  normal  accal  and  decal  type  studies  because  tha  characteristic  tines 
associated  with  thea  ara  at  least  two  orders  of  magnitude  slower  than  tha  associated 
acouatia  propagation  tinea.  In  order  to  give  the  aodale  the  necessary  25-30  Hs 
frequency  response  and  the  post-stability  capability  that  is  desired,  tha  additions 
described  in  tha  following  paragraphs  wars  aada  to  tha  transient  cycle  deck. 


2.1  Compression  Coaponant  Representations 

Tha  thraa-staga  fan  was  rapraaantad  in  a  single  block  by  hub  and  tip  saps  that 
included  in-stall  and  ravaraa  flow  raprasantations  in  addition  to  the  normal  unstalled 
flow  characteristics.  Tha  coaprassor  was  raprasantad  as  a  single  block  by  a  pitch-line 
characteristic  that  had  in-atall,  reverse  flow,  and  unatalled  raprasantations  included 
in  a  manner  similar  to  tha  fan  representation.  Figure  2  provides  an  illustration  of 
the  unstalled  and  in-atall  Coaprassor  characteristics  used  at  two  speeds.  Tima 
constants  characteristic  of  tha  time  it  takas  for  a  stall  call  to  davalop 
(thrae-to-four  rotor  revolutions)  and  for  a  stall  cell  to  disappear  (ll-to-12  rotor 
revolutions)  wars  also  included  (sea  Rafaranca  3). 

In  retrospect  and  if  funds  and  schedule  had  permitted,  wa  believe  that  tha  fidelity 
of  tha  amplitudes  of  some  of  the  fluctuations  during  tha  occurrence  of  surge 
instabilities  could  have  boon  improved  by  breaking  tha  coaprassor  into  three  blocks  - 
variabla  gaoastry  stagas  1-3  in  tha  first  block,  stagas  4  and  5  with  tha  fifth  stage 
bleed  at  tha  exit  of  tha  second  block,  and  stages  6-9  in  tha  third  block.  This  would 
have  aade  the  acoustic  raf lection  plane  less  hard. 


2.2  Onshimftpr 

There  are  three  key  coabustor  characteristics  that  Bust  bo  raprasantad:  (l)  tha 
ideal  temperature  rise,  (2)  the  coabustor  efficisney,  and  (3)  tha  flammability  limits. 
Of  special  import  ara  the  rich-side  fuel-air-ratio  portions  of  the 
ideal -taaparatura-risa  and  tha  flaaaability-liait  characteristics. 

The  schematic  representation  of  theaa  characteristics  is  shown  in  Figure  3.  In  tha 
oaae  of  tha  ideal-tsaperature-risa  characteristic,  tha  decrease  of  temperature  rise 
with  increasing  fuel-air  ratio  for  fuel-air  ratios  greater  than  stoichiometric  is 
represented.  This  feature  simulates  the  affect  that  excess  fuel  has  on  quenching  tha 
flaaa.  The  flaaaability  limits  are  handled  in  a  similar  manner  for  the  rich -side 
fuel-air  ratios.  Aa  can  be  seen,  the  flaaaability  Halts  ara  represented  as  a  function 
ot  the  fuel-air  ratio  and  a  coabustor  loading  parameter  that  is  proportional  to  tha 
*flaaa  thickness"  and  reaction  time. 

The  coabustor  efficiency  consists  of  a  bass  curve  and  a  relation  for  modifying  this 
curve  for  use  at  conditions  other  than  for  whioh  the  base  curve  was  derived.  The  base 
efficiency  curve  is  represented  as  a  function  of  fuel-air  ratio  and  falls  off 
aonotonieally  on  either  side  of  the  maximum.  For  conditions  other  than  the  base 
conditions,  the  coabustor  efficiency  is  modified  according  to  the  following  relation: 


/  „  \  "  /  t  \  N 


^8  "  ^Bise 
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During  surge  or  rotating  stall,  tha  combustor  affioianoy  was  further  modified  to 
account  for  tha  aavarity  of  aurga  and  tha  art ant  of  tha  rotatlng-stall  call. 

In  addition  to  thaaa  charactariatica,  tha  burnar  total-praaaura  loaa  waa 
rapraaantad  in  a  mannar  that  accounta  for  tha  praaaura  drop  acroaa  tha  linar  and  tha 
loaa  aaaociatad  with  "Raylaigh  Lina*  haat  addition. 


2.3  Turbinas 

Standard  turbina  charactariatica  vara  uaad  for  both  tha  high-praaaura  and  tha 
low-praaaura  turbinaa.  Bacauaa  of  tha  praaaura  ratioa  involvad,  tha  turbinaa  oparata 
choked,  thua  raliaving  tha  naad  for  ravaraa  flow  charactariatica.  Hovavar,  it  waa 
found  nacaaaary  to  aodify  tha  turbina  afficianciaa  with  aapirically  formulated  acalar 
aodlfiara  during  aurga  and  rotating  atall  aa  waa  dona  for  tha  coabuator  efficiency  ao 
that  angina  dacel  rataa  and  turbina  blada  taaperaturea  aatchad  thoaa  aaaaurad  during 
tha  engine  teat. 


2.4 


In  addition  to  including  kay  coapraaaion  coaponant  and  coabuator  off-dealgn 
parforaanca  charactariatica,  tha  rapraaantatlon  of  tha  voluaaa  within  tha  angina  takaa 
on  critical  iaportance  if  tha  daairad  frequency  raaponae  ia  to  ba  achieved  -  in  our 
caaa  25-30  Hr. 

Tha  notion  of  tha  air  within  thaaa  voluaaa  ia  eonpletely  deacribod  by  tha  aquatlone 
of  change  (conaervation  of  naaa,  aoaantua,  and  energy)  and  a  tharaodynaalc  ralationahip 
(aaa  Referencee  1  and  4) .  Figure  4  givaa  a  achaaatic  rapraaantatlon  of  tha  aannar  in 
which  tha  voluaaa  in  tha  angina  are  choaan.  Dnlaaa  otherviae  indicated,  all  voluaaa 
are  rapraaantad  by  guaai  ona-diaanalonal  voluaaa  vhoee  dinensiona  are  choaan  to 
repraaant  tha  phyaical  angina  flow  araaa  and  langtha.  Long  voluaaa  with  no  natural 
braaka  ara  broken  into  voluaaa  conaiatent  with  tha  frequency  raaponae  daairad.  Tha 
area  diatribution  ia  continuoua.  Tha  only  two-diaanaional  voluaaa  ara  tha  ona  located 
ahead  of  tha  fan  and  tha  other  located  downatraaa  of  tha  fan  but  ahead  of  tha 
aplittar.  Thaaa  two-diaanaional  voluaaa  ara  choaan  to  allow  for  radial  radiatrlbution 
of  tha  flow  downatraaa  of  tha  fan  in  tha  caaa  of  a  coapreaaor  aurga  and  to  allow  for 
radial  radiatrlbution  of  tha  flow  upatraaa  of  tha  fan  in  tha  caaea  of  core-induced 
fan-hub  aurga  and  thrott ling- Induced  fan-tip  aurga  aa  wall  aa  bypaea-ratio  variation 
affacte  aaaociatad  with  normal  inatability-frae  operation. 


2.5  contial 

It  waa  noticed  during  mainburner  fuel  atapplng  to  inatabillty  on  tha  angina  that 
tha  fuel  flow  waa  baing  cut  back  aa  a  raault  of  tha  T4B  (turbina  blada  temperature) 
limiter.  Thia  limiter  uaad  a  aignal  from  a  pyrometer,  and  during  fuel  atapping  waa 
reacting  to  flaahaa  (temperature  apikaa)  caueed  by  tha  burning  of  axoaas  fuel  in  tha 
turbina  rather  than  tha  temperature  of  tha  bladaa.  Tha  computer  aimulation  did  not 
provide  thia  fuel  cut-back  ainca  tha  logic  calculated  only  an  avaraga  gaa  path 
tamparatura  with  which  T4B  waa  correlated. 

Tha  problem  waa  aolvad  by  empirically  correlating  tha  tamparatura  apikaa  with  tha 
rata  of  change  of  fuel-air  ratio  at  tha  plana  of  tha  fuel  nossles.  Whan  tha  rata 
increaeea  beyond  the  empirically  determined  value,  a  tamparatura  epike  ia  expected. 
Thia  approach  worked  wall  ainca  temperature  apikaa  ware  simulated  at  times  comparable 
to  those  aaaaurad  in  tha  test  data. 


3.0  PRETEST  PREDICTIONS  AMD  VALIDATION 

Prior  to  accomplishing  pretest  predictions  for  post-stability  events ,  this  now 
computer  modal  waa  demonstrated  to  reproduce  tha  normal  accel  and  decal  charactariatica 
of  tha  angina.  Following  thaaa  validation  oasaa,  tha  model  was  configured  to  allow  for 
etability-limit-line  degradation  and  a  fuel-etep  instability-inducement  technique  in 
aannars  conaiatent  with  actual  angina  operation. 

A  method  for  degrading  tha  stability  limit  line  (also  known  in  tha  past  as  the 
atall  line  or  surge  line)  waa  nacaaaary  since  it  had  been  demonstrated  on  an  earlier 
engine  with  a  nearly  identical  core  angina  that  this  core  angina  had  excellent  surge 
recovery  charactariatica.  In  fact,  in  order  to  significantly  lower  tha  stability  limit 
line,  tha  angina  had  to  ba  significantly  malconf lgured  from  its  normal  operational 
configuration  (l.a. ,  compressor  variable  geometry  opened  five  degrees  as  measured  at 
tha  inlet  guide  vanas  and  combustor  operation  with  continuous  ignition) ,  and/or 
subjected  to  large  magnitude  inlet  total-praaaura  distortions  that  ware  maintained  for 
a  significant  period  after  tha  initial  aurga  by  an  airjet  distortion  generator. 
Incorporation  of  oapability  to  lower  tha  stability  limit  line  aa  an  approximation  to 
tha  affect  of  distortion  on  tha  compressor  and  adding  tha  ability  to  switch  to  a  falsa 
PS3  aignal  allowed  simulating  tha  aannar  in  which  tha  angina  was  operated  and 
responded. 


In  order  to  initiate  compressor  instability,  a  nainburnar  fual-atap  tochniqua  was 
uaod  wbaratoy  upon  tbs  initiation  of  a  spood  demand,  tba  fual  flow  was  raquirod  to  go  to 
•n  aooal  aobadula  in  tone  of  WF/P83  (tba  ratio  of  nainburnar  fual  flow  to  conbuator 
bumar  static  proasura)  that  was  a  function  of  coaprassor  corrected  spaed.  At  tba  sane 
tins  tba  aooal  aobadula  was  demanded,  a  falaa  PS 3  was  introduced  to  tba  control  to 
create  an  artificially  high  fual  flow  which  creatad  a  step- like  rise  in  conbuator 
burner  proasura. 

Two  typical  eases  have  bean  chosen  to  illustrate  the  capabilities  of  the  nodal  and 
for  comparison  with  test  data.  The  first  case  illustrates  a  simulation  of  recoverable 
surge  and  the  second  case  Illustrates  simulation  of  a  nonrecoverabla  surge.  These 
cases  are  presented  in  the  following  paragraphs. 


This  recoverable  surge  waa  initiated  by  a  nainburnar  fuel  step  and  was  conducted  at 
inlet  conditions  consistent  with  M  •  1.0S  and  5 2 KPT  altitude.  During  the  test,  the 
stability  limit  line  was  lowered  by  installation  of  an  inlet  distortion  screen.  This 
was  simulated  during  tba  computer  simulation  by  artif ically  lowering  the  compressor 
stability  linit  line.  After  initiation  of  the  instability,  continuous  ignition  was 
used  with  a  rate  of  five  a  parks  per  eeoond.  Inatability  was  induced  by  creating  a 
spaed  demand  of  600  rpm  and  switching  to  a  false  PS 3  of  100  pal  for  three  seconds. 
Similar  values  ware  used  for  the  computer  simulation. 

The  results  of  the  simulation  and  tba  comparable  test  data  are  shown  in  Figures  Sa 
thru  d.  Both  sets  of  rasulta  are  plotted  on  the  aame  scale  for  Figures  5a,  b,  and  c 
where  the  fual  flow  -  PS 3  ratio,  compressor  discharge  static  presaure,  and  compressor 
•peed  are  plotted,  respectively.  Figure  Sd  provides  the  compressor  trajectory  in  terms 
of  presaure  ratio  and  corrected  flow  aa  obtained  from  the  computer  simulation. 

The  sequence  of  events  is  described  by  the  letters  "a  thru  a*  on  each  part  of 
Figure  5.  At  "a,*  a  surge  ia  initiated  by  a  nainburnar  fual  step,  coupled  fan  and 
compressor  surges  accompanied  tty  compressor  blowout  and  relight  sequences  (region  *ba) 
occur  with  a  frequency  of  approximately  4-S  Ha.  Finally,  the  conbuator  blows  out  due 
to  rich  side  quenching  (region  *c*) .  During  these  two  periods,  the  compressor  speed  is 
decreasing.  At  "d, "  the  fuel  step  is  terminated  and  tba  engine  returns  to  normal  fuel 
scheduling  whereupon  the  combustor  relights  causing  the  compressor  to  surge  at  a 
frequency  of  approximately  11-14  Hi  (region  *•").  Compressor  speed  begins  to  increase, 
the  surging  stops,  and  the  engine  recovers  and  accela  to  normal  operation  at  the 
•elected  power  setting. 


This  nonrecoverable  stall  was  initiated  at  the  same  inlet  conditions  as  was  the 
previously  discussed  recoverable  surge.  All  other  parameters  were  also  the  same  except 
the  fuel  step  wss  held  for  a  four-second  step  duration.  The  comparison  of  the  model 
simulation  and  test  results  are  shown  in  Figures  Sa,  b,  and  c  for  the  fuel  flow  -  PS3 
ratio,  compressor  discharge  pressure,  and  compressor  speed,  respectively.  The  pressure 
ratio  -  corrected  flow  trajectory  as  computed  by  the  model  simulation  is  shown  in 
Figure  6d. 

This  mainbumer- fual -step- induced  surge  behaves  in  a  manner  very  similar  to  the 
recoverable  surge  up  to  the  point  the  false  PS3  is  removed  (point  "d")  and  the  engine 
returns  to  the  normal  fuel  control  schedule.  However,  the  compressor  speed  is  lower 
than  was  the  case  for  the  recoverable  surge  due  to  the  longer  duration  fuel  step.  In 
this  case,  the  compressor  incurs  an  instability  (point  "e")  and  degenerates  to  the 
rotating  stall  state  (point  "f") . 


1.3  VALIDATION 

Examination  of  the  previous  two  sets  of  figures  show  that  the  engine  transient 
computer  model  with  post-stability  capability  correctly  predicts  the  -otatlng  stall 
■t*t*  **  the  measured  parameters  in  trend,  mean  levels,  frequencies,  and  to  a 

lesser  degree,  predicts  the  amplitude  and  waveform  shape  of  the  surge  perturbatione. 
It  is  anticipated  that  the  previously  discussed  more  detailed  compressor  representation 
would  improve  this  latter  situation.  In  addition,  it  was  noted  as  a  result  of 
installing  flame  detectors  in  the  combustor  and  at  the  exit  of  the  low  pressure 
turbine,  that  during  surging,  significant  burning  was  not  taking  place  in  the 
combustor,  but  rather  that  significant  burning  in  the  turbines  was  occurring.  A  model 
■tai*  of  burning  was  not  developed.  However,  it  is  anticipated  that 

development  of  a  "buming-in-the-turbine"  modal  would  lead  also  to  lower  compressor 
discharge  pressure  perturbations. 

The  model  was  used  to  estimate  the  critical  speed  (References  3  and  5)  of  this 
engine,  the  critical  speed  being  tba  speed  at  which  the  inatability  behavior  of  the 
oemprammor  transitions  from  Burge  to  rotating  stall.  In  reality,  the  critical  speed  is 
a  critical  speed  range  for  a  given  engine  depending  on  factors  other  than  just  the 
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combuator  voluaa-coapreaeor  voluaa  relationehip  auch  aa  atability  Halt  lina 
degradation  dua  to  claaranoaa,  thermal  tranaienta,  and/or  variable  atator  poaition. 
Analyaia  of  the  taat  data  preaentad  in  Paragrapha  3.1  and  3.2  ahow  that  the  critical 
apead  for  thia  type  of  tranaient  occura  at  a  corrected  apeed  of  approximately  10,400 
rpe.  The  modal  aimulationa  ahoved  that  relighta  at  corrected  apeeda  of  10,530  rpm  and 
10,250  rpm  reaulted  in  aurga  and  rotating  atall,  reapectively.  Hence,  the  critical 
■peed  aa  predicted  by  the  modal  ia  expected  to  lie  between  theae  two  apeeda  which  ia 
then  commanaurata  with  the  taat  reaulta. 

The  reaulta  of  the  aimulationa  preaentad  here  aa  well  aa  many  othera,  including 
aoaa  conducted  at  other  inlet  conditiona,  leada  ua  to  the  concluaion  that  computer 
aimulationa  conatructed  aa  deacribed  in  the  beginning  of  thia  paper  provide  adequate 
fidelity  to  rapreaant  the  major  faaturaa  of  the  aerophyaica  aaaociated  with  the 
poat-atability  charactariatica  of  an  augmented  turbofan  engine. 


4.0  APPLICATION  Of  RESULTS 

Validated  modala  auch  aa  the  one  deacribed  in  thia  paper  are  uaeful  for  conducting 
the  trade  atudiea  neceaaary  to  daalgn  an  engine  with  good  recoverability 
charactariatica  and  for  developing  recovery  control  atrategiea.  The  firat  atep  in 
conducting  trade  atudiea  ia  to  aaaura  that  the  coabuator-volume  to  compreaaor-volume 
ratio  ia  aufficlently  large  to  cauae  the  critical  apeed  range  to  occur  at  low  engine 
apeeda,  preferably  aub-ldle.  It  ia  the  author'a  contention  that  thia  la  a 
fundamentally  neceaaary  condition  that  muat  be  met  if  an  engine  ie  to  have  good 
recoverability  characterlaitca.  In  and  of  itaalf  however,  a  low  critical  apeed  range 
will  not  guarantee  good  recoverability  charactariatica.  Other  factora  known  to  affect 
the  recoverability  charactariatica  of  an  engine  are  the  level  of  the  atability  limit 
lina,  the  level  of  compreeaor  hyatareaia,  and  control  of  the  decal  echedule  and  of 
combuator  blow-out  and  relight  aa  both  affect  the  coapreaaor  operating  lina. 


4.1  STABILITY  LIMIT  LINE 

Experimental  and  analytical  atudiea  have  ehown  that  a  high  atability  limit  lina 
promotee  recovery  moat  probably  becauae  the  potential  energy  atored  in  the  combuator 
provldea  the  aourca  of  energy  neceaaary  to  back  flow  the  compreeaor  and  drop  the 
operating  lina  aufficlently  ao  that  normal  flow  can  properly  be  re-eetabliehed. 

Aa  a  corollary,  it  ia  important  that  the  compreaaor  aenaitivity  to  thermal 
tranaienta  or  to  inlet  diatortion  not  be  too  great  becauae  a  signif icantly  reduced 
atability  limit  line  would  give  riae  to  an  elevated  critical  epeed  range. 


4.2 


Thia  effect  of  compreeaor  hyatareaia  ia  illuatrated  by  a  modelling  atudy  that  waa 
conducted  on  the  compreaaion-combuator  eyatem  of  a  nonaugmanted  turbofan  engine  that 
had  a  relatively  high  critical  apeed.  For  our  purpoaea  here,  coapreaaor  hyatareaia  ia 
related  to  the  ralationahlp  between  the  in-atall  corrected  flow  obtained  by  throttling 
to  atall  and  the  in-atall  corractad  flow  at  which  the  coapreaaor  racovera  back  to  ita 
unatalled  flow  characteriatic  and  could  be  defined  by  the  relationehip 


In  thia  parametric  atudy,  the  coapreaaor  waa  taated  at  conatant  apeed  until  coapreaaor 
inatabllity  waa  induced.  Tour  ailllaeconda  after  inatabillty  initiation,  the  throttle 
waa  opened  to  a  lower  throttle  (higher  flow) .  Thia  waa  auccaeaively  dona  until  the 
throttle  line  upon  which  the  coapreaaor  recovered  waa  determined.  Figure  7  illuatrataa 
that  for  a  coapreaaor  with  a  atability  limit  point  at  "S,"  and  an  in-atall  recovery 
point  of  *R,"  the  compreaaor  would  recover  if  the  throttle  waa  dropped  to  throttle  line 
"1"  or  lower.  If  the  atability  limit  point  waa  maintained  at  "S."  and  the 
hyetereeie ,  H,  la  reduced  by  reducing  the  in-atall  recovery  point  to  "R,, "  then  the 
oompreaeor  would  recover  on  a  auch  higher  throttle  lina  (”2*) .  Thua,  the  reduction  in 
hyatareaia  algnificantly  reduced  the  amount  of  unthrottling  required  to  recover  the 
ooaqpreaaor.  Thia  atudy  illuatrated  the  atrong  affect  of  compraaaor  hyatereaia  on  the 
recoverability  charactariatica  of  a  coapreaaor. 


4.3  OPERATING  LINE  CONTROL 

An  understanding  of  the  effect  of  operating  line  can  be  gained  by  examining  the 
preaaure  ratio-corrected  flow  map  for  a  oompreaeor  (Figure  •).  Thia  map  ah owe  the 
unatalled  oonatant-corrected-apeed  llnea,  the  oompreaeor  atability  limit  line,  and  the 
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in-stall  constant-corracted-speed  line*  together  with  tha  rotating  stall  racovary 
Una.  Tha  nominal  oparating  lina  is  suparpoaad  for  ralaranca.  In  ordar  to  gain  an 
appreciation  for  this  representation,  1st  us  supposa  tha  coaprassor  is  bsing  throttlad 
on  ths  97.5  parcant  corractad  spa ad  lina  towards  tha  stability  liait  lina.  Aftar  tha 
stability  liait  lina  is  raachad,  assuna  a pa ad  raaaina  conatant  and  that  tha  coaprassor 
ands  up  on  tha  97.5  parcant  corractad  spaad  in-atall  charactaristic.  Tha  coaprassor 
would  havs  to  ba  un throttlad  to  a  flow  approxiaataly  aguivalant  to  tha  flow  on  tha 
unstallad  92.5  parcant  corractad  spaad  lina  bafora  tha  coaprassor  would  racovar  and 
ratum  to  tha  97.5  parcant  corractad  spaad  unstallad  characteristic. 

Mow  lat  us  add  three  oparating  lines  to  tha  coaprassor  map  as  in  Figure  9  -  the 
aaxiaua  accal  schedule  operating  lina,  tha  decal  schedule  operating  line,  and  tha 
combustor  blow-out  throttle  lina.  Assume  for  tha  purposes  of  this  discussion  that  tha 
ccmprassor-coabustor  volume  relationship  is  such  as  to  allow  tha  occurrence  of  stable 
rotating  stalls  at  all  spaads.  If  instability  occurred  at  part  power  (<  97.5  percent 
corractad  speed)  and  the  main  fuel  control  want  to  tha  accal  schedule,  than  angina 
operation  on  tha  accal  achedula  would  prevent  recovery  froa  rotating  stall  until  the 
compressor  corrected  spaed  was  in  excess  of  97.5  percent.  If  an  instability  occurred 
and  tha  engine  control  want  to  tha  decal  schedule,  than  recovery  from  rotating  stall 
could  ba  attained  for  corrected  speeds  down  to  approxiaataly  as  percent.  If  tha 
combustor  should  blow  out,  than  tha  coaprassor  would  ba  unthrottled  in  a  manner  that 
would  allow  recovery  froa  rotating  stall  down  to  speeds  lass  than  80  parcant  corractad 
spaad.  Notice  that  if  tha  blow-out  throttle  lina  should  cross  and  remain  above  tha 
racovary  lina  at  soma  speed  lass  than  80  parcant,  as  is  auggastad  by  tha  slopes  of  tha 
stall  recovery  lina  and  tha  blow-out  throttle  lina,  than  rotating  stall  would  not  clear 
until  speed  drops  sufficiently  such  that  tha  strength  of  tha  rotating  stall  cell  is 
reduced  and  begins  to  lose  coherency.  At  this  point,  viscous  forces  will  begin  to 
causa  it  to  dissipate.  Following  its  dissipation,  the  compressor  could  than  ba 
re-accelled  without  instability. 

Henca,  if  control  racovary  logics  can  ba  designed  that  take  into  account  the 
various  oparating  lines  and  associated  speed  ranges,  then  the  desired  control  of  tha 
oparating  lina  can  ba  obtained.  Obviously,  upon  tha  occurrence  of  instability,  it  is 
daairabla  to  keep  tha  control  from  going  to  the  accel  schedule.  Depending  on  speed 
range  and  spool-down  rates,  rotating  stall  can  ba  prevented  or  cleared  by  going  to  the 
daoel  schedule  or  tha  blow-out  throttle  lina.  Fuel  and/or  bleed-air  dynamic  effects 
have  bean  demonstrated  to  have  utility  for  clearing  a  compressor  of  rotating  stall  and 
to  alleviate  tha  naad  tor  unthrottling  as  much  as  steady-stata  unthrottling  studies 
would  indicate  (Rafarenca  6) .  Dynamic  affects  on  recovery  are  also  illustrated  by  the 
example  discussed  in  Paragraph  4.2. 
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Studies  have  been  accomplished  which  show  that  an  angina  transient  cycle  deck  with 
extended  capabilities  will  naturally  predict  tha  post-stability  behavior  of  turbofan 
anginas,  ba  tha  instability  surge  or  rotating  stall  or  the  transition  from  surge  to 
rotating  stall  as  speed  dacraasas.  In  ordar  that  an  angina  transient  cycle  deck  have 
this  capability,  it  is  nacassary  that  tha  compressor  conponant  representations  hsva 
in-stall  and  raveraa  flow  characteristics  and  the  associated  stall-development  and 
stall-recovery  time  constants,  tha  combustor  havs  rich-side  hast  addition  and 
flammability  characteristics,  and  tha  flow  volumes  of  tha  angina  ba  represented  by  one- 
or  two-dimensional  volumes  as  appropriate  and  both  with  reverse  flow  capability.  In 
our  studios,  we  have  chosen  to  use  tha  coaplata  set  of  ths  aquations  of  change  together 
with  a  thermodynamic  relationship  to  provide  proper  representation  of  tha  flow 
dynamics . 

Models  such  as  thsse  havs  tha  capability  for  determining  if  tha  critical  speed 
range  of  an  angina  system  lias  within  an  acceptable  portion  of  tha  corractad  spaad 
spectrum,  for  determining  tha  post-stability  dynamics  of  an  angina  system  (an  aid  for 
interpreting  tha  source  of  measured  f requencias) ,  and  for  developing  appropriate 
stall -reoovery  control  strategies  in  relation  to  tha  spaed  range  at  which  tha  inception 
of  instability  takas  place. 
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Figure  1.  schematic  of  Engine  Components  and  Volumes. 
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Figure  2.  Relationship  of  In-Stall  and  Unstalled  Compressor  Characteristics. 
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DISCUSSION 

D.W.Stephenson,  US 

1 .  Please  explain  the  need  for  the  volumes  included  in  your  engine  performance  modelling.  Is  this  because  there  is  a 
time  element  required  for  the  flow  leaving  one  component  to  reach  that  same  level  in  the  next  component  during 
transients? 

2.  Are  your  in-stal!  compressor  characteristics  obtained  from  engine  or  rig  testing? 

Author’s  Reply 

1 .  The  volumes  were  included  to  assure  that  the  convective  and  acoustic  velocity  propagation  paths  simulated  the 
actual  propagation  paths  in  the  engine.  This  is  necessary  if  system  frequencies  are  to  be  replicated.  Thus,  the 
volumes  were  chosen  in  a  manner  to  represent  the  lengths  of  ducting  within  the  engine  so  that  the  acoustic 
reflection  planes  would  be  simulated.  The  entrance  and  exit  flow  areas  to  the  volume  with  the  above-chosen  length 
were  selected  in  a  manner  so  the  calculated  volume  was  representative  of  the  engine  internal  volumes.  In  this  way, 
the  resonance  (eg  Helmholtz  type)  associated  with  the  volumes  of  the  engine  will  also  be  simulated. 

2.  To  date,  we  have  obtained  in-stall  compressor  characteristics  during  rig  testing  of  compressors.  Automatic  control 
systems,  which  use  the  output  of  vane-mounted  thermocouples  as  input,  allow  conducting  the  required  testing 
without  thermally  distressing  the  compressor  blades  or  vanes. 
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TRANSMISSION  OF  INLET  DISTORTION  THROUGH  A  FAN 

by 

J  E  Flitcroft 
J  Dunham 
W  A  Abbott 

Royal  Aircraft  Establ ishment ,  Pyestock 
Farnborough,  Hants,  GUI 4  0LSf  UK 

SUMMARY 

effect  of  inlet  swirl  on  the  propagation  of  total  pressure  distortion  through  a 
3-stage  fan  without  inlet  guide  vanes  has  been  investigated  on  a  compressor  rig.  The 
tests  gave  the  unexpected  finding  that  the  presence  of  a  swirl  counter  to  the  rotation  of 
the  fan  generally  reduced  the  level  of  steady  state  distortion  transmitted  to  the  core 
compressor.  Dynamic  pressure  measurements  made  at  the  exit  from  the  fan,  however, 
revealed  that  the  swirl  also  caused  a  sudden  early  breakdown  of  the  flow  in  a  sector  of 
the  hub  region,  resulting  in  high  time-variant  distortion  levels  in  the  core  flow.  This 
observation  is  compatible  with  the  destabilising  effect  of  a  swirl  counter  to  fan 
rotation  on  engines.  A  theoretical  analysis  confirmed  that  a  swirl,  concentrated  at  the 
fan  tip  at  entry,  could  drive  some  of  the  hub  blade  rows  strongly  towards  stall.  „ 

NOMENCLATURE 

PT  =  Total  pressure  (kPa) 

TT  =  Total  temperature  (°K) 

0  =  Angular  circumferential  extent  (degrees) 

Annulus  or  face  ^  Lowest  mean  total 

DC ( 0  }  =  mean  total  pressure  _ pressure  in  a  6°  sector 

Dynamic  head 

Annulus  or  face  Lowest  mean  total 

PC ( e )  =  mean  total  pressure _ pressure  in  a  6°  sector 

Annulus  or  face  mean  total  pressure 

Highest  mean  total  temperature  Annulus  mean  total 

TC ( e )  =  _ in  a  0  sector _ _ temperature 

Annulus  mean  total  temperature 


Pressure  distortion  transfer  ratio  =  j  ^ari  exit 

PCTeT  fan  inlet 


Temperature  creation  ratio 


Normalised  PTIN 


Normalised  PTDEL 


TC(Q)  fan  exit 
PCTeT  fan  inlet 


pT(arm  av 
PT ( Annu lu 


average ) 


pT(minimum  arm  average 
PT(annulus  mean) 


PT(arm  average)  ^ 

PT(annulus  mean)  fan  exit 

^  pT{minimum  arm  average) 

pT(annulus  mean)  ^an  inlet 


TT(arm  average) 

-1 

TT(annulus  mean) 

fan  exit 

pT(minimum  arm  average 

pT(annulus  mean) 

fan  inlet 

Normalised  TTDEL 


TU  ■  Maximum  RMS  pressure  fluctuation  observed  at  an  operating  point  (Radial  average). 
TU  *  Maximum  RMS  pressure  fluctuation  observed  (Radial  average). 

Max 
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INTRODUCTION 

During  the  development  of  the  Tornado  powerplant  it  became  apparent  that  a  swirl  in 
the  inlet  flow,  counter  to  the  rotation  of  the  engine  ("contraswirl"),  had  a  significant 
destabilising  influence,  substantially  reducing  the  level  of  total  pressure  distortion 
that  could  be  tolerated.  The  adverse  effect  of  a  circumferential  variation  in  total 
pressure  on  engine  stability  is,  of  course,  well  established* '2.  Although  the  solution 
adopted  on  the  aircraft  was  to  incorporate  aerodynamic  fences  in  the  curved  intake,  in 
locations  which  inhibited  the  secondary  flow  behaviour  responsible  for  the  swirl-*,  the 
situation  had  highlighted  a  lack  of  knowledge  of  the  manner  in  which  swirl  affected 
engine  stability.  Since  curved  inlet  ducts  are  frequently  required  for  practical 
installations,  a  better  understanding  of  the  effect  of  swirl  was  clearly  needed  to  enable 
its  significance  to  be  assessed  fully  for  future  powerplant  designs. 

A  variety  of  explanations  for  the  adverse  effect  of  contraswirl  were  considered. 
One  was  the  creation  of  a  significant  mismatch  between  the  spools.  However  an 
examination  of  measurements  on  an  engine  showed  that,  although  contraswirl  caused  a  small 
reduction  in  the  speed  of  the  fan  relative  to  the  core,  the  operating  point  remained  on  a 
similar  working  line  to  that  followed  without  swirl.  Since  the  operating  lines  of  the 
core  compressors  are  established  by  choking  of  the  HP  turbine  nozzle  guide  vanes,  and  are 
therefore  insensitive  to  the  fan  exit  conditions,  there  was  no  evidence  for  the 
mismatched  spool  hypothesis.  Given  that  the  surges  had  been  observed  to  initiate  in  the 
core  compressors  rather  than  the  fan  it  was  clearly  not  just  a  consequence  of  the  fact 
that  contraswirl  increased  the  incidence  of  the  first  blade  row  to  the  point  where  stall 
occurred;  since  the  first  blade  row  in  this  case  was  a  rotor  in  practice  only  a  small 
increase  in  incidence  occurred.  The  only  feasible  explanation  for  the  effect  of 
contraswirl  was  therefore  that  it  resulted  in  higher  levels  of  flow  distortion  entering 
the  core  engine. 

To  test  the  above  hypothesis,  and  provide  data  for  the  evaluation  of  prediction 
methods,  measurements  of  the  transmission  of  inlet  total  pressure  distortion  were  made  on 
a  representative  military  fan.  The  results  are  presented  in  this  paper.  Although  the 
stabilising  influence  of  the  core  engine,  due  to  the  coupling  between  closely  spaced 
spools,  would  not  be  represented  in  this  experiment,  it  was  anticipated  that  the  correct 
trends  would  be  obtained4.  A  theoretical  analysis  of  the  effect  of  swirl  on  the  fan 
aerodynamics  was  also  undertaken,  to  provide  a  qualitative  means  of  assessing  the  changes 
likely  to  be  taking  place  within  the  turbomachinery  to  produce  the  observed  behaviour. 

RIG  DESCRIPTION 

The  general  arrangement  of  the  test  rig  is  shown  in  Figure  1.  Air  is  drawn  in  by  the 
fan  through  an  inlet  silences  and  calibrated  air  meter.  A  non-uniform  inlet  pressure 
distribution,  representing  an  off-design  aircraft  intake  flow  pattern,  was  produced  by 
inserting  a  gauze  screen  in  the  distortion  generator.  For  tests  without  swirl  the  gauze 
was  supported  by  a  honeycomb  mesh,  Figure  2a.  For  investigations  with  swirl  the 
honeycomb  support  was  replaced  by  a  series  of  radial  vanes,  which  were  twisted  along 
their  length  to  create  a  rotation  which  varied  from  0°  at  the  hub  to  a  maximum  at  the 
tip,  Figure  2b.  The  gauze  blockage  could  be  rotated  through  350°. 

The  fan  module  comprised  a  3  stage  low-hub/tip  ratio  research  machine  without 
inlet  guide  vanes,  representative  of  current  military  engine  technology.  The  fan 
discharged  into  a  split-flow  collector  box  which  incorporated  two  concentric  dump 
diffusers.  Both  core  and  by-pass  streams  passed  through  airmeters  prior  to  discharge 
through  a  common  throttle  valve.  The  fan  by-pass  ratio  was  pre-set  using  a  bias  gauze. 

During  the  investigation  it  was  discovered  that  the  bend  downstream  of  the  dump 
diffusers  produced  a  circumferential  variation  of  the  flow  properties  at  the  fan  exit 
measurement  plane.  A  subsequent  comparison,  using  the  measurements  made  with  a  single 
rake  arm  and  rotating  the  blockage,  showed  that  results  obtained  with  a  fixed  gauze 
blockage  could  be  corrected  by  considering  the  bias  induced  by  the  bend  to  be  super¬ 
imposed  on  the  measured  exit  circumferential  variation. 

INSTRUMENTATION 

Two  types  of  inlet  flow  survey  instrumentation  were  used;  a  symmetrical  8-arm  array 
of  rakes  with  5  probes  per  arm,  each  probe  incorporating  a  miniature  pressure  transducer 
and  thus  able  to  measure  both  time-averaged  and  time-variant  total  pressure,  or  a  single 
arm  containing  five  5-hole  conical  yawmeter  probes.  The  inlet  rakes  were  removed  when 
taking  the  definitive  exit  flow  measurements  with  swirl.  Fan  delivery  pressures  were 
measured  using  8  rakes,  each  containing  5  steady-state  total  pressure  probes  in  both  core 
and  by-pass  flow  annuli.  The  centre  probe  in  the  by-pas?  and  the  second  and  fourth  probe 
in  the  core  on  each  arm  contained  a  miniature  pressure  transducer  for  time-variant 
pressure  measurement  (Figure  3).  The  time-variant  pressure  signals  were  recorded  on 
magnetic  tape.  The  system  was  limited  to  40  channels  so  when  the  delivery  conditions 
were  being  recorded  only  16  inlet  probes  could  be  monitored.  Fan  exit  temperature  was 
measured  using  a  single  rake  with  4  thermocouples  in  each  annulus. 

TEST  CONDITIONS 

For  the  first  phase  of  testing  a  range  of  throttle  settings  was  examined  at  80,  85 
and  90%  design  speed  with  both  clean  and  non-uniform  inlet  flow  conditions.  The  swirl 
vanes  and  gauze  were  tested  both  separately  and  in  combination.  In  the  second  phase  of 
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the  investigation  the  distortion  generator  was  rotated  in  30°  increments  to  provide  a 
ful 1 .flow-survey  at  entry  using  the  single  yaw  meter  rake  and  at  exit  from  the  single 
temperature  rake. 

A  structural  loading  limit  on  the  inlet  silencer  system  precluded  surging  of  the 
fan  during  these  tests. 

DISCUSSION  OF  THE  STEADY-STATE  RESULTS 
Fan  inlet  flow  conditions 

The  gauze  used  to  generate  the  circumferential  pressure  variation  gave  a  once- 
per-revolution  pattern.  A  contour  plot  is  shown  in  Figure  4.  There  was  no  net  swirl 
associated  with  the  gauze  alone.  At  the  measurement  plane  the  maximum  deviations  from 
axial  flow,  measured  at  the  sides  of  the  low  pressure  region,  were  less  than  +2°. 

The  swirl  vanes  in  isolation  gave  a  rotation  counter  to  the  fan  which  varied  from 
3°  at  32%  radius  to  12°  at  92%  radius.  In  combination  with  the  gauze, swirls  of  almost 
double  the  above  levels  were  observed  in  the  low  pressure  region,  (Figure  5). 

Fan  overall  operating  characteristics 

The  overall  performance  of  the  fan  with  a  clean  inlet,  and  with  the  gauze  and 
swirl  vanes  both  separately  and  in  combination,  is  summarised  in  Figure  6.  The  gauze  and 
swirl  combination  produced  a  marked  reduction  in  both  flow  and  pressure  ratio,  a  contrast 
to  the  limited  change  from  the  clean  inlet  performance  observed  with  the  gauze  alone. 
The  reduction  in  pressure  ratio  and  flow  with  swirl  alone  as  the  fan  was  throttled  was 
unexpected.  Simple  theory  would  indicate  that  a  rotation  in  the  flow  in  the  opposite 
sense  to  the  fan  would  normally  result  in  the  movement  of  the  operating  line  to  the 
right4 . 

Distortion  transmission  without  swirl 

The  steady-state  distortion  transmission  behaviour  of  the  fan  measured  with  the 
gauze  alone  is  illustrated  in  Figure  7.  Normalised  curves  showing  the  circumferential 
variation  of  inlet  total  pressure,  exit  total  pressure  and  exit  temperature  for  core  and 
by-pass  regions  are  presented.  For  calculation  purposes  the  inlet  flow  was  divided  into 
concentric  circular  stream  tubes  with  the  measured  core/by-pass  flow  split.  The  greater 
attenuation  of  pressure  distortion  achieved  in  the  by-pass  region  is  clearly  apparent,  a 
finding  consistent  with  the  much  steeper  operating  characteristic  of  that  region  of  the 
fan  (Figure  8).  Both  the  core  and  by-pass  flows  exhibited  peak  temperatures  in  the 
region  where,  at  inlet,  the  rotor  was  sweeping  into  a  rising  total  pressure  field,  a 
feature  seen  by  other  workers6^7.  A  local  increase  in  blade  incidence  occurs  in  the 
region,  due  to  the  tendency  of  the  fan  to  induce  a  static  pressure  distortion  ahead  of 
the  rotor,  in  sympathy  with  the  total  pressure  variation8. 

The  effect  on  the  distortion  transfer  characteristics  of  fan  speed  and  operating 
point  are  illustrated  in  Figure  9,  Although  the  parameter  used  to  characterise  the 
transfer  is  based  on  a  60°  sector  angle,  similar  levels  were  obtained  for  a  range  of 
angles  up  to  135°.  The  results  show  little  variation  with  fan  speed.  The  initial 
increase  in  attenuation  in  the  core  as  the  fan  is  throttled,  followed  by  a  subsequent 
rise,  was  also  observed  in  Reference  5.  The  consistently  high  levels  of  attenuation 
achieved  in  the  by-pass  region  render  it  the  more  attractive  location  for  engine  control 
instrumentation  for  monitoring  the  fan  working  point,  since  such  instrumentation  needs  to 
be  relatively  insensitive  to  the  orientation  of  any  inlet  flow  distortion. 

The  effect  of  swirl  on  distortion  transfer 

Figure  10  shows  the  equivalent  inlet  and  exit  flow  measurements  for  the  gauze  and 
swirl  combination  at  an  equivalent  operating  condition  to  that  illustrated  for  the  gauze 
alone  in  Figure  7.  Whilst  the  basic  features  are  similar,  it  will  be  noted  that  the 
levels  of  attenuation  achieved  are  greater.  As  Figure  11  shows  this  was  also  the  case  at 
the  other  operating  conditions  examined.  On  the  above  evidence  it  therefore  appeared 
that  a  swirl  counter  to  the  rotation  of  the  fan  did  not  result  in  higher  levels  of 
circumferential  distortion  entering  the  core  engine. 

Since  a  strong  radial  variation  in  total  pressure  could  also  affect  the  surge  margin 
of  the  core  compressor,  a  comparison  was  made  of  the  mean  total  pressures  on  each  ring  of 
probes.  The  magnitude  of  the  local  circumferential  variation  on  each  ring  was  also 
examined.  Typical  comparisons  are  shown  in  Figure  12.  There  was  no  indication  that  the 
tests  with  swirl  produced  a  more  severe  hub-low  pattern,  which  would  be  the  most  likely 
to  cause  a  loss  of  core  compressor  stability.  Furthermore,  with  swirl,  the  level  of 
circumferential  distortion  was  lower  in  the  hub  region  than  without  swirl.  The  radial 
variation  was  also  less.  There  was  therefore  no  evidence  that  a  swirl  counter  to  the  fan 
rotation  caused  a  more  adverse  radial  distortion. 

From  the  tests  where  the  blockage  had  been  rotated  to  provide  exit  temperature 
surveys  it  was  found  that  the  levels  of  total  temperature  distortion  in  the  fan  core 
delivery  region  were  also  lower  with  contraswirl  in  combination  with  the  gauze  (Figure 
13).  Although  when  compared  on  the  basis  of  pressure  ratio  the  level  with  swirl  does 
rise  to  equal  the  value  measured  with  the  gauze  alone,  it  should  be  noted  that  the 
condition  does  relate  to  a  higher  operating  point  because  of  the  adverse  effect  swirl  had 
on  overall  fan  performance. 
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Comparison  with  predictions 

In  the  absence  of  a  fully  3-D  model  the  predictions  of  the  steady-state  distortion 
transfer  were  made  using  a  linearised  two-dimensional  method,  which  models  the  upstream 
and  downstream  ducting  and  the  fan  as  a  series  of  control -volumes*.  The  mean  flow 
properties  in  the  fan  control-volumes  were  calculated  using  a  blade-row  stacking  model. 
The  core  and  by-pass  regions  of  the  fan  were  treated  as  two  separate  machines,  the 
location  of  the  dividing  streamline  being  determined  using  a  streamline  curvature 
calculation  program.  Only  the  mean  value  of  circumferential  swirl  could  be  specified  at 
the  upstream  boundary. 

Examples  of  the  measured  and  predicted  exit  profiles  for  the  core  region  are 
presented  in  Figure  14  for  cases  both  with  and  without  swirl.  Although  there  was 
generally  good  agreement  in  the  basic  shapes,  the  measured  increase  in  attenuation 
observed  with  the  swirl  present  in  combination  with  the  gauze  was  not  correctly 
reproduced.  A  small  decrease  was  usually  indicated.  In  the  by-pass  region  the 
predictions  differed  substantially  from  experiment  because  the  calculated  levels  of 
attenuation  were  comparable  with  those  for  the  core.  The  reason  for  this  was  apparently 
due  to  the  predicted  by-pass  compressor  characteristic  having  a  lower  slope  than  the 
measured  one.  A  simple  calculation  using  the  slope  of  the  measured  characteristic  gave 
levels  of  attenuation  comparable  with  those  observed  in  the  experiment. 

DISCUSSION  of  THE  DYNAMIC  MEASUREMENTS 

A  comparison  of  the  maximum  values  of  Root  Mean  Square  (RMS)  pressure  fluctuation 
measured  in  the  core  annulus  at  exit  from  the  fan  gave  the  first  indication  of  a 
mechanism  by  which  the  presence  of  contraswirl  could  make  conditions  worse  for  the  core 
turbomachinery.  At  all  three  speeds  examined  during  the  initial  phase  of  testin'g  a 
dramatic  increase  in  turbulence  was  noted  with  the  gauze  and  swirl  combination  as  the  fan 
was  throttled  to  the  highest  operating  point  (Figure  15).  In  an  engine  this  would  result 
in  a  large  rise  in  the  level  of  time-variant  distortion  entering  the  core  compressor,  and 
would  more  than  offset  the  slight  reduction  in  steady-state  distortion  obtained  with 
contraswirl.  At  lower  operating  points  the  much  smaller  increment  in  turbulence  with 
contraswirl  would  only  result  in  comparable  peak  instantaneous  levels. 

From  the  second  phase  of  testing,  where  the  blockage  was  rotated,  it  was  evident 
that  the  peak  turbulence  occurred  in  the  same  region  as  the  peak  temperature  and  not  the 
lowest  steady-state  pressure.  A  circumferential  shift  between  the  instantaneous  peak  and 
steady-state  distortion  patterns  would  therefore  be  indicated.  As  mentioned  previously 
the  location  of  the  peak  temperature  corresponds  to  the  region  where  at  entry  the  local 
crossflow  induced  by  the  static  pressure  distortion,  produced  in  sympathy  with  the  total 
pressure  variation  by  the  rotor,  leads  to  increased  blade  incidence.  On  the  other  side 
of  the  trough,  where  the  induced  swirl  perturbation  would  be  co-rotational ,  the  levels  of 
turbulence  were  similar  to  those  obtained  at  lower  operating  points. 

A  comparison  of  the  circumferential  variation  of  steady-state  total  pressure  in  the 
core  as  the  operating  point  was  raised  revealed  that  a  marked  local  deterioration  in  fan 
performance  had  occurred  in  the  region  of  high  turbulence.  As  Figure  16  shows,  at  the 
highest  operating  point  the  left  hand  edge  of  the  low  pressure  region  was  no  longer 
clearly  defined.  A  comparison  of  the  respective  inlet  pressure  and  turbulence 
measurements  showed  no  substantial  difference,  confirming  that  the  observed  behaviour  was 
due  to  a  local  breakdown  of  flow  within  the  fan.  An  examination  of  the  associated 
transducer  signals  from  the  by-pass  region  confirmed  that  the  effect  was  concentrated  at 
the  hub.  Spectral  analysis  of  the  turbulence  revealed  a  dominant  sub-rotor  speed 
frequency,  in  the  manner  of  a  rotating  stall,  which  was  not  present  at  the  other 
operating  conditions. 

Supporting  evidence  for  the  explanation  that  a  local  breakdown  of  flow  in  the  hub 
region  of  the  fan  can  occur  without  initiating  surge  directly,  only  to  trigger  it 
subsequently  in  the  core  turbomachinery,  is  provided  by  the  findings  of  Miatt  and 
Schaffler^.  In  that  case,  with  a  uniform  inlet  flow,  surges  of  the  HP  compressor  were 
induced  by  closing  the  nozzle  to  well  below  the  normal  operating  area.  The  cause  was 
found  to  be  a  rotating  stall  in  the  fan  hub.  The  presence  of  a  circumferential  variation 
in  inlet  total  pressure  could  be  regarded  as  imposing  a  cyclic  variation  on  such 
behaviour. 

The  absence  of  any  inter-blade-row  instrumentation  on  the  fan  meant  that  no  evidence 
was  available  to  indicate  at  what  point  within  the  fan  the  flow  breakdown  was  occurring. 
Some  guidance  was  however  provided  by  a  theoretical  analysis  of  the  effect  of  a 
circumferential  swirl  on  the  flow  within  the  fan,  using  an  axisymmetric  streamline 
curvature  computer  program1 0. 

THEORETICAL  ANALYSIS  OF  FAN  INTERNAL  AERODYNAMICS 

The  streamline  curvature  program  required  a  specification  of  air  outlet  angle  (or 
deviation)  and  pressure  loss  coefficient  at  the  outlet  from  each  blade  row  as  a  function 
of  radius.  Since  this  information  was  not  available  for  the  full  range  of  conditions 
likely  to  arise  in  the  presence  of  swirl,  a  representative  specification,  which  matched 
the  fan  performance  at  a  working  line  pressure  ratio  at  90%  speed  without  swirl,  was  used 
for  all  calculations.  Although  the  findings  must  therefore  be  regarded  as  providing  a 
qualitative,  rather  than  quantitative,  guide  to  the  effect  of  swirl  on  the  internal  flow 
behaviour,  the  correct  trends  were  expected  to  be  present. 
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Figure  17  shows  the  overall  performance  characteristics  obtained.  For  comparison 
the  measured  characteristics  are  also  presented.  It  is  immediately  obvious  that  with 
fixed  loss  coefficients  the  marked  turnover  of  the  measured  characteristics  is  not 
obtained;  since  the  measured  pressure  rise  is  lower,  either  the  loss  or  deviation  (or 
both)  must  be  greater. 

A  possible  justification  for  higher  loss  and/or  deviation  can  be  seen  from  the 
following  table,  showing  the  effect  of  inlet  contraswirl  on  the  local  incidence  angles  at 
three  radial  stations,  representative  of  hub,  mean  and  tip  conditions. 


EFFECT  OF  SWIRL  OH  LOCAL  INCIDENCE  ANGLES 


% 

Nd 

BLADE 

ROW 

HUB 

MEAN 

TIP 

85 

rotor 

1 

-0.4 

+0.2 

+0.2 

stator 

1 

+  2.5 

+0.7 

-3.3 

rotor 

2 

+  4.1 

0 

-0.5 

stator 

2 

+  3.2 

-0.9 

-1.0 

rotor 

3 

+  2.1 

-0.3 

-0.3 

stator 

3 

+  0.8 

-0.7 

-0.6 

90 

rotor 

1 

-0.5 

+0.2 

+0.2 

stator 

1 

+  2.9 

+  1.3 

-2.9 

rotor 

2 

+  4.9 

+0.4 

-0.5 

stator 

2 

+  4.4 

-0.2 

-1.3 

rotor 

3 

+  3.5 

+0.2 

0 

stator 

3 

+  2.3 

+  0.2 

+  0.3 

At  each  speed  the  pressure  ratio  was  taken  on  the  relevant  working  line.  It  is 
interesting  to  note  that  although  the  inlet  swirl  used  in  the  calculation  was  zero  at  the 
hub,  and  increased  linearly  to  a  maximum  of  10°  at  the  tip,  it  is  the  hub  incidences 
which  increase.  This  is  because  the  axial  velocity  distribution  has  to  adjust  itself  in 
order  to  maintain  radial  equilibrium. 

The  effect  of  these  higher  incidences  is  to  increase  significantly  the  loading 
parameter  ~P/D  (static  pressure  rise/inlet  dynamic  head)  at  the  stator  hub  of  stages  1 
and  2  to  values  at  which  stall  might  well  occur.  The  local  axial  velocity  profile  is 
also  expected  to  deteriorate,  as  shown  in  Figure  18.  It  is  relevant  to  note  that  if  the 
calculations  were  repeated  with  the  increased  loss  and  deviation  apparently  indicated  by 
the  test  results,  the  changes  in  incidence  and  axial  velocity  profile  with  swirl  would 
have  been  greater. 

Tt\e  theoretical  analysis  in  combination  with  the  experimental  results,  provide  a 
convincing  explanation  of  how  a  contraswirl,  concentrated  at  the  fan  tip  at  inlet,  can 
result  in  a  substantial  deterioration  of  the  quality  of  the  flow  entering  the  core 
compressors  and  in  turn  account  for  the  increased  sensitivity  of  the  engine  to  inlet 
distortion. 

CONCLUSIONS 

Time-averaged  measurements  of  the  transmission  of  distortion  through  a  split-flow 
military  fan  showed  that,  at  fan  exit  in  the  by-pass  region,  the  level  of  distortion  was 
only  about  20%  of  the  value  at  inlet.  Substantially  less  attenuation  was  achieved  in 
core,  with  about  60%  of  the  inlet  value  being  measured.  The  effect  of  a  swirl  counter  to 
the  fan  rotation  was,  surprisingly,  favourable,  increasing  attenuation  in  the  core  so 
that  the  level  of  distortion  at  exit  was  now  only  about  45%  of  the  inlet  value. 

Calculations  of  the  steady-state  distortion  transmission  behaviour,  in  the  core 
predicted  the  circumferential  variation  well,  but  gave  an  incorrect  indication  of  the 
effect  of  swirl. 

The  picture  changed  markedly  when  the  dynamic  content  of  the  exit  pressure 
distortion  was  taken  into  account.  On  the  normal  working  line  of  the  fan  the  addition  of 
contraswirl  resulted  in  turbulence  more  than  three  times  the  level  observed  with 
distortion  alone.  The  large  implied  increase  in  the  time-variant  total  pressure 
distortion  in  the  flow  entering  the  core  compressors  could  well  account  for  the  observed 
reduction  in  stability  margin  of  engines  when  subjected  to  distortion  in  combination  with 
contraswirl.  Calculations  using  an  axisymmetric  flow  program  showed  that  for  this  fan 
there  was  a  strong  tendency  for  inlet  swirl  to  increase  the  incidences  of  blading  in  the 
hub,  supporting  the  experimental  evidence  that  the  high  turbulence  was  due  to  a  local 
region  of  hub  stall. 

Dynamic  instrumentation  in  the  fan  exit  is  clearly  desirable  in  rig  or  engine  teats 
where  potential  fan-core  interactions  are  being  examined. 
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FIG  10  GAUZE  AND  SWIRL,  90%  SPEED 
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FIG  12  COMPARISON  OF  RADIAL  PROFILES  IN  THE  CORE  ANUJLUS 
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FIG  14  COMPARISON  WITH  PREDICTIONS 
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EXPERIMENTAL  INVESTIGATION  ON  SMALL  TURBOPROP  BEHAVIOUR 
UNDER  COMPRESSOR  ROTATING  STALL  FOR  DIFFERENT  INLET  FLOW  CONDITIONS 

by 

S.Colantuoni  and  Gliotti 
ALFA  ROMEO  AVIO 
Direzionc  R  &  D 
80038  Pomigtiano  d’Arco 
Napoli,  Italy 


SUMMARY 

V 

This  paper  deals  with  an  experimental  investigation  on  conpressor  rotating  stall  and  acoustic  noise 
in  a  small  turboprop.  The  intent  of  the  study,  undertaken  in  Alfa  Romeo  Avio  using  the  engine  test  bed, during 
the  initial.-  phaae  of  the  AR  31$  turboprop  development  program,  was  to  clarily  the  noisy  and  unstable 
behaviour  of  sane  engines  at  part-speeds.  " 

The  overall  performances  of  the  centrifugal  compressor,  the  time-depedent  wall  static  pressure  measure¬ 
ments/  to  visualize  impeller  rotating  stall  regions  on  the  compressor  map,  and  the  acoustic  noise  si¬ 
gnals*  detected  at  the  engine  air-intake  inlet#  are  presented. 

Finally,  the  engine  performances  in  stalled  compressor  conditions  are  analyzed  and  main  results  di¬ 
scussed  . 


NOMENCLATURE 


e 

Neper's  number 

EOT 

Exhaust  gas  temperature 

deg  K 

ETAB 

Combustion  efficiency 

FAR 

Fuel-air-ratio 

LHV 

Lower  heating  value  of  the  fuel 

J  Kg 

N 

Rotor  speed 

RPM 

ND 

Corrected  design  rotor  speed 

RPM 

PR 

Compressor  T-T  pressure  ratio 

PO 

Compressor  inlet  pressure 

kPa 

P2 

Compressor  exit  total  pressure 

kPa 

TET 

Turbine  entry  temperature 

deg  K 

TO 

Compressor  inlet  temperature 

deg  k 

T2 

Compressor  exit  total  temperature 

deg  K 

VF 

Fuel  flow 

g  s 

S 

Pressure  factor  =  P0/101  kPa 

0 

Temperature  factor  =  TO/288  deg  K 

W 

Air  flow  rate 

Kg  8 

1.  INTRODUCTION 
1.1  Problem  statement 

The  AR  318  is  a  single-shaft  turboprop  of  the  450  kw  engine  class.  In  fig.  1  the  engine  cross- 
section  is  shown. 

The  main  elements  are  a  S-shape  air  intake,  a  single  stage  centrifugal  compressor, a  reverse  flow 
annular  combustor  and  a  two  stage  uncooled  axial  turbine. 

The  reduction  gearbox  is  driven  by  a  forward  extension  of  the  compressor  shaft  and  provides  a  ma¬ 
ximum  propeller  speed  of  2000  RPM . 

The  centrifugal  compressor  had  an  impeller  of  290  mm  exit  diameter,  13  entire  13  splitter  blades, 
a  25  vanes  radial  diffuser,  a  90°  bend  and  an  axial  straightener  diffuser. 

The  compressor  was  designed  for  design  point  pressure  ratio  PR  of  6.8  :  1  and  2.85  Kg's  of  mass 
flow,  at  the  speed  ND  =  38100  RPM  with  an  isentropic  efficiency  of  7 81  T-T.  At  design  speed.*  tran¬ 
sonic  flowfield  is  present  at  the  inlet  of  the  impeller  as  well  as  of  the  diffuser. 

The  configuration  was  tested  on  the  rig  (see  fig.  2)  and  the  results  satisfied  the  target,  as  shown 
by  the  comp-  jssor  map  in  fig.  3t  in  terms  of  pressure  ratio,  mass  flow  and  efficiency. 

Furthermore,  the  surge  margin  was  adeguate  for  the  engine  requirements  in  the  complete  range,  from 

the  Ground-Idle  (72. 5^*  ND)  to  the  Cruise  condition  (105^  ND).  A  more  accurate  analysis  of  the  over¬ 

all  performance  shows  that  the  impeller/diffuser  matching  is  realized  as  follows: 
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A) 

the 

maximum  efficiency  of  is  at  l.*5  M*i 

B  > 

the 

peak  efficiency  line  in  the  working  range  of  the  engine 

<  70"  Nil  to  10 v 

MU  is  ne 

ar  the 

air 

ge  line,  and  therefore  is  not  possible  to  operate  here: 

C)  at  part-speeds  (around  NPl  the  impeller  is  clearly  in  deep  stall  and  so  the  overall  efficien 


cy  level  is  degraded. 

Such  good  compressor  performances  were  not  available  always  on  the  engine  hardware,  i.e.  sensitive 
variations  of  mass  flow  and  efficiency  were  measured  on  some  builds,  i-'urt hcrmore .  hysteresis'  phe¬ 
nomenon  at  transient  conditions  were  experienced. 

Another  relevant  observation  done  during  the  dynamometer  engine  test  is  about  the  noise,  whose  va- 
r iat xon  was  c I  ear ly  audible  in  tone  and  intensity  level  along  the  operating  line,  from  Ground- Idle 
lull  to  Take-off  (TO)  and  vieeversa. 

It  is  important  to  point  out  that,  the  main  differences  between  rig  and  engine  were: 

Al  the  compressor  casing  configuration  (see  fig.  2  vs.  fig.  1>: 

IU  the  geometry  of  the  plenum  chamber  at  the  compressor  exit  of  the  rig,  compared  to  the  annular 
combustion  chamber  of  the  engine: 

cl  the  impeller  axial  tip  clearance,  whose  variation  with  speed  is  greater  on  the  engine. 

The  last  is  a  penalty  for  the  compressor  and  the  engine  performances.  Nevertheless,  on  first  proto¬ 
type  engines,  in  order  to  avoid  a  rub  between  casing  and  impeller  at  1PV*  SB.  it  was  necessary  to 
increase  the  compressor  build  clearance  from  the  rig  value  of  O.^O  mm  to  the  engine  value  of  I . '7 
mm . 

1.2  Objective  of  the  investigation 

Looking  at  the  experimental  data  available  and  briefly  presented,  an  experimental  program  was  car¬ 
ried  out  on  the  engine,  having  the  following  targets: 

I)  to  get  for  the  engine  compressor  configuration  more  accurate  information  on  the  aerodynamic 
phenomenon  of  the  impeller  rotating  stall; 

II)  to  verify  the  existence  of  a  connection  between  engine  noise  and  rotating  stall. 

So.  it  was  decided  to  carry  out  an  engine  test,  in  order  to  got; 

1 )  the  engine  compressor  performance  map; 

2)  the  time-dependent  wall  static  pressure  measurements,  detected  on  the  compressor  t using  at  tin- 
impeller  throat: 

.>)  the  noise  signals,  detected  near  the  inlet  of  the  engine  air-intake. 


>.  cOMl’RKSSOR  KXPKR l MFNTAL  I NVKST1 NATION  ON  THh  FStUNF  TI.ST  HI  P 

2.1  Test  facility.  Kngine  instrumentation  and  Pat  a  acquisition  system 

The  engine  has  been  tested  on  the  ALFA  ROMF.O  AVIO  dynamometer  test  bed  shown  in  !ig.  4.  It  is  ,m 
hydraulic  dynamometer  FROl’PF  FO  271.  fit  for  taking  up  a  power  of  1000  kk  .  with  .1  maximum  speed  of 
7000  KP't. 

In  order  to  evaluate  the  engine  performances,  during  the  test  recording  of  torque,  speed,  fuel 
flow,  ambient  temperature  and  pressure  have  been  done.  Turbine  F.xit  Oas  Temperature  1  LOT )  has  been 
measured  by  TO  thermocouples  assembled  in  10  rakes  c  1  reumferent- ial  ly  equi spaced. 

The  standard  engine  compressor  instrumentation  is  given  by  the  air  intake  static  pressure  taps.  »o 
compute  massflow  rate  at  the  compressor  ir.let  ,  using  a  calibration  curve,  plus  4  thermocouples  for 
total  temperature,  ana  4  probes  for  total  pressure  at  the  compressor  exit  plane,  to  evaluate  pressu¬ 
re  ra t i o  and  e I fici cncy . 

In  order  to  detect  impeller  rotating  stall,  two  Kistler  piezoelectric  transducer  have  been  placed 
on  the  compressor  casing  (in  the  Top  position  ' T *  and  bottom  ’R'.  1 a  parti,  in  the  inducer  zone 
of  the  impeller,  just  after  the  throat  of  the  entire  blade  channel  l see  fig.  T ) .  The  pressure  si¬ 
gnals  from  the  transducer  have  been  amplified  and  stored  on  a  magnetic  tape  recorder. 

A  microphone  B  &  K  has  been  placed  in  the  proximity  of  the  engine  air-intake  and  the  noise  signal 
has  been  stored  on  the  magnetic  tape  for  the  successive  elaboration. 
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2.2  Test  procedure 

Each  engine  operating  condition  was  stabilized  for  the  necessary  time  and  than  nonitored.  Any  po¬ 
wer  level  was  setted  by  acting  on  the  dynamometer  load,  so  that  the  engine  speed  remains  firs  when 
the  fuel  flow  was  increasing.  In  this  way  the  operating  point  on  the  compressor  aap  moves  from  cho¬ 
ke  towards  the  surge  line. 

The  data  acquisition  has  been  done  firstly  at  the  engine  condition  of  minimum  loading,  from  01  at 
72. 556  design  speed  (ND=38lOO  RPM),  to  TO  speed  (1005?  ND),  every  2.556  interval.  Than,  the  compres¬ 
sor  speed-line  7056,  8056,  87 - 5%,  9056,  9256,  9556,  9856  and  10056  ND  have  been  explored,  from  the  condi¬ 
tion  of  minimum  loading  (condition  at  choking)  to  the  one  at  maximum  fuel  allowable (maxi mum  EOT 
of  950  deg  K). 


3.  TEST  RESULTS 

3.1  Overall  engine  performances 

The  engine  components  chosen  for  this  build  are  to  a  great  extent  derived  from  other  prototypes, 
which  have  already  carried  out  heavy  tests.  The  overall  engine  performances  are  not  very  repre¬ 
sentative  of  this  engine  class. 

Engine  performances  were  established  by  means  of  a  test  analysis  computer  code,  which  calculates 
those  parameters  not  directly  measured,  like  Turbine  Ftjtry  Tempera turp  tart  reduces  to  the  referen- 
rence  standard  conditions  all  the  performances  parameters. 

During  the  test  the  maximum  power  reached  was  400  kW,  at  51*3  g/s  of  fuel  flow,  with  a  TET  of  1240 
deg  K. 

3.2  Overall  compressor  performances 

The  engine  compressor  map  is  presented  in  fig.  6. 

It  is  possible  to  see  in  fig.  7  the  difference  between  rig  and  engine  results.  From  the  analysis 
of  these  results  we  observe  the  following: 

-  at  100^  ND  the  engine  compressor  reaches  the  mass  flow  and  the  pressure  ratio  required  at  design 
condition} 

-  at  off-design  conditions,  the  reduction  of  mass  flow  at  choke  for  every  speed-line  is  substan¬ 
tial.  This  is  mainly  due  to  the  difference  of  the  impeller  tip  clearance  between  rig  and  engi¬ 
ne  (1.37  mm  of  the  engine  respect  to  0.89  mm  of  the  rig)} 

-  the  speed-line  at  87-5%  ND  of  the  engine  compressor  map  has  a  double  characteristic  as  shown 
by  fig.  7.  In  fact  during  the  data  acquisition  of  the  test  point  T/P  411(w/5*/6  »  1.90  Kg/s, 

PR  =  4-71),  the  compressor  jumps  abruptly  into  rotating  stall  condition,  and  the  engine  reaches 
the  new  equilibrium  point  T/P  412  (w/^/8  «  1,70  Kg/s,  PR  =  4,29)} 

-  the  jump  of  the  compressor  into  rotating  stall  region  corresponds  to  a  strong  engine  noise. 

The  increase  of  the  impeller  tip  clearance,  reduces  the  massflow  at  the  diffuser  choked  condition 
at  each  speed  and  shifts  the  engine  compressor  map  on  the  left.  Together  with  a  decrease  of  the 
efficiency  due  to  greater  clearance,  an  extension  of  the  impeller  stall  region  on  the  compressor 
map  at  part-speeds  is  also  present.  The  region  influenced  by  rotating  stall  i  moves  from  ND 
on  the  rig  to  8956  ND  in  the  engine  configuration. 

This  is  due  to  the  higher  level  of  incidence  at  the  impeller  inlet,  because  of  the  lower  massflow 
through  the  compressor  that  is  imposed  by  the  diffuser. 

The  hysteresis  was  observed  only  on  the  engine  configuration,  where  a  compressor  double  characte¬ 
ristic  was  detected.  Such  phenomenon  is  typical  of  a  compressor  jumping  in  a  rotating  stall  ra¬ 
ther  than  in  surge  condition. 

For  the  cldrity  of  the  following  discussion,  we  define  the  double  compressor  characteristic  at 
87. 5%  ND  with  an  "unstalled"  and  a  "stalled  part'Kfig.  7  bis). 

3-3  Analysis  of  dynamic  pressure  transducer  signals 

Along  the  line  of  engine  minimum  loading  from  8056  ND  to  9056  ND(see  fig.  7  bis)  the  signals  of 
pressure  transducers  have  been  recorded  and  later  analyzed.  In  fig.  8  we  present  the  time-depen¬ 
dent  wall  pressure  measurements  for  each  Test-Point. 

The  upper  trace  is  from  the  transducer  (T)  and  the  lower  trace  from  (B),  placed  respectively,  at 
the  top  and  the  bottom  of  the  compressor  casing. 

They  show  the  blade  passage  loading  or  the  static  pressure  between  the  blade.  In  fact  between 
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the  blade  there  is  a  constant  pressure  rise  indicating  no  stalled  region  and  there  is  a  sudden 
change  in  pressure  as  the  blade  passes  under  the  transducer.  Stalled  regions  between  the  blades 
appear  as  region":  of  constant  static  pressure. 

He  observe  in  fig.  8  the  progressive  passage  from  a  blade- to-blade  inducer  flowfield  completely 
deteriored  (fully  stalled  conditions  below  8056  ND),  to  a  periodic  structure  of  the  flowfield, 
characterized  by  a  stalled  and  unstalled  group  of  blade  passages,  much  more  clearly  detected  at 
87. 5^  ND( T/P  704)  in  fig.  8-D. 

Let's  note,  here,  that  in  the  upper  trace  there  are  several  blade  passages  which  are  fully  loaded 
and,  at  the  same  time,  the  lower  trace  shows  a  group  of  blade  passages  completely  stalled.  The 
region  of  stall  propagates  around  the  impeller  and  so  is  rotating.  We  can  see  a  1*0°  phase  be¬ 
tween  the  transducer  signals.  This  is  an  indication  of  a  single  cell  pattern. 

The  flowfield  is  completely  axisymmetric  and  out  of  rotating  stall  region  at  Wf  ND  (see  fig.8-E>. 

The  results  of  the  frequency  spectral  analysis  of  these  transient  pressure  signals  are  shown  in 
fig.  9.  Looking  at  the  figures,  in  the  range  of  frequencies  from  0  to  10  kHz  we  can  observe: 

-atT/P70$  (fig.  9-E):  only  the  impeller  full  blade  passage  frequency,  equal  to  13  times  the 
rotor  frequency  E  is  present i 

-  at  T/P  704  (fig.  9-D):  we  distinguish  the  fundamental  frequency  of  rotating  stall  I  42  5.  Hz, 
equal  to  0.7b  E,  and  its  harmonics:  second  order  II  -  ‘‘SO  Hz.  aid  third  order  III  1275  Hti 

-  besides,  we  note  the  components  12E  and  14E,  that  may  be  due  to  obsc illation  of  the  engine 
speed  during  the  time  of  detection  of  the  signals « 

-  it  is  interesting  to  observe  finally  that  the  ratio  I  E  between  the  fundamental  frequency  of 
the  rotating  stall  I  and  the  engine  rotor  frequency  h.  is  almost  constant  with  the  rotor  speed, 
and  it  is  around  the  value  of  0.75  (see  from  fig.  u-A  to 

,1.4  Engine  noise  signals 

The  noise  signals  have  been  processed  using  a  FFT  frequency  analyzer.  The  results  of  the  spectral 
analysis  are  shown  in  fig.  10.  We  observe  the  following: 

-  for  the  test  points  from  80*  to  >7.5*  NP  a  pure  tone  is  always  present,  having  an  average  value 
of  0.75  E.  There  are  also  the  multiplies  of  2nd  and  3  rd  order  (see  from  fig.  10-A  to  fig.  10-Pl; 

-  these  pure  tones  are  absent  from  QC?  up  to  100*  ND» 

-  let's  note  also  the  presence  of  the  pure  tone  of  frequency  4E.  that  is  of  less  intensity  compa¬ 
red  to  the  previous  one  in  the  region  of  i>0*  7  >7-5'’  NP.  but  if  is  predominant  at  uO*  NDlherc,  it 
corresponds  to  2,100  Hz)  (see  fig.  10-t). 

The  intensity  of  this  pure  tone  of  4t  reduces  as  the  rotor  speed  is  greater  than  NP. 


4.  COMPARATIVE  ANALYSIS  OF  THE  EXPERIMENTAL  RESULTS 

4.1  Compressor  impeller  rotating  stall  and  engine  noise 

The  experimental  data  of  this  investigation  may  be  presented  using  a  Campbell  dia*..am.  As  shown 
in  fig.  II,  the  results  of  the  engine  test  are  plotted  in  the  following  wav: 

-  thin  lines  correspond  to  engine  order  frequency  IE.  2F.,  3E.  etc.,  where  E  is  the  Engine  rotor 
frequency  (N'bOli 

-  thick  lines  correspond  to  compressor  impeller  rotating  stall  frequencies,  the  fundamental  one, 

I  -  0.75  E,  and  its  multiplies  II  and  1 1 1 « 

-  symbols  correspond  to  the  pure  tone  frequencies  of  the  engine  noise,  as  obtained  by  the  spectra 
shown  in  fig.  10.  Their  size  is  proportional  to  the  component  amplitude. 

So,  we  can  observe  the  correspondence  between  the  fundamental  rotating  stall  line  I.  and  the  noise 
frequencies  components  that  are  in  the  range  below  500  Hz.  More  interesting  is  the  fact  that  pure 
tones  are  just  in  correspondence  to  I  and  II  rotating  stall  frequencies  at  87. ND. 

Moreover  there  is  a  pure  tone  noise,  having  a  frequency  of  2300  H2  in  correspondence  to  4E  engine 
order  line,  at  ND. 

So,  we  conclude  that  the  low  frequency  noise,  below  500  Hz,  is  connected  to  the  aerodynamic  pheno¬ 
menon  of  rotating  stall(first  fundamental  frequency  involved).  At  87 - 5^  ND,  well  into  rotating 
stall  region,  the  change  in  tone  and  noise  level,  is  due  to  the  pure  tones  corresponding  to  I 
and  Ilf requency . 
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The  drastic  change  in  tone,  observed  between  87*5%  and  90#  ND,  L*  due  to  the  fact  that  the  compres¬ 
sor  gets  out  fro*  the  rotating  stall,  so  that  the  correlated  tones  disappear,  but  some  acoustic 
phenomenon,  not  anymore  connected  to  rotating  stall,  is  responsible  for  the  pure  tone  at  the  fre¬ 
quency  of  4E,  at  90#  ND. 

4.2  Compressor  casing  resonant  frequency  and  engine  noise 

In  order  to  verify  if  the  mechanical  vibration  of  the  compressor  casing  is  responsible  for  the  pro¬ 
duction  cf  noise  at  90#  ND,  the  experimental  investigation  of  the  resonant  frequencies  of  the  stru¬ 
cture  has  been  done,  using  a  technique  that  investigates  the  vibration  response  to  an  impulse. 

The  transducer  output  has  been  processed  by  NICOLET  FFT  analyzer  and  the  results  are  shown  in  fig. 
12-A.  There  are  the  resonant  frequency  values  of  830,  930,  1450,  2280,  2430,  3130.  3250  and  4380 
Hz  in  the  range  from  0  to  5000  Hz. 

This  information  has  been  used  in  the  Campbell  diagram  of  fig.  12-B,  where  in  addiction,  symbols 
are  representative  of  pure  tone  noise  components,  determinated  from  the  spectral  analysis  results 
of  fig.  10.  We  note  that  the  pure  tone  noise  locations  in  the  frequency  range  2200*2300  Hz  are  in 
correspondence  to  the  intersection  between  4E  line  and  resonant  frequencies  at  90#  ND. 

Moreover,  the  pure  tone  noise  observed  at  87-5#  ND  is  close  to  the  frequency  of  830  hz.  So,  we  make 
the  hypotesis  that  the  mechanical  vibration  of  the  casing  is  the  responsible  for  the  pure  tone  noi¬ 
se  at  90#  ND,  and  at  the  same  time,  we  cannot  exclude  an  interaction  between  the  aerodynamic  pheno¬ 
menon  of  rotating  stall  and  the  mechanical  vibration  of  the  compressor  casing  in  resonant  condition 
at  87. 5%  ND,  since  the  resonant  frequency  830  Hz  is  near  to  the  double  fondamental  frequency  of  ro¬ 
tating  stall  II,  850  Hz. 

4-3  Engine  performances  under  compressor  rotating  stall 

The  loss  in  engine  performances  due  to  rotating  stall,  was  evaluated  doing  the  comparison  of  the 
overall  engine  performances  at  the  test/points  of  the  compressor  double  characteristic  detected 
at  87-5#  ND. 

In  fig.  13-A  the  compressor  pressure  ratio  vs.  corrected  fuel  flow  is  shown,  along  both  the  "un¬ 
stalled"  and  "stalled"  part  of  that  speed-line.  Let's  remember  that  at  the  same  fuel  flow,  the 
maximum  compressor  pressure  ratio  measured  goes  from  the  "unstalled"  T,/P  411,  PR=4.7l,  to  the 
"stalled"  T/P  412,  PR  =  4.29. 

It  is  noted  that  at  3b  g/s  of  fuel  flow  there  are  two  stabilized  conditions.  In  effect  the  condi¬ 
tion  at  the  greater  pressure  ratio  may  be  considered  as  an  unstable  equilibrium  point.  In  fact, 
due  to  any  cause,  like  a  small  speed  variation, suddenly  the  engine  stabilizes  to  a  new  equilibrium 
condition  with  the  compressor  in  rotating  stall.  The  two  stable  operating  regimes,  that  exist 
along  the  speed-line,  are  separated  by  an  unstable  region. 

Reducing  the  fuel  flow,  we  observe  that  the  stalled  condition  remains,  with  a  consequent  loss  of 
engine  performance.  To  be  remembered,  is  the  unsuccessfull  attempt  to  return  to  the  "unstalled" 
speed-line  without  increasing  engine  speed,  even  with  the  minimum  dynamometer  load(Wf=20  g/s). 

The  comparison  in  the  following  figures  shows  clearly  the  engine  sensitivity  in  changing  compressor 
characteristic.  In  fig.  13-B,  I3-C  and  13-D  are  plotted  respectively  the  turbine  exhaust  and  entry 
temperature  and  the  shaft  power  against  the  pressure  ratio,  so  that  it  is  possible  to  visualize 
the  performance  parameters  variation  along  the  double  characteristic. 

From  the  analysis  of  these  test  result*,  the  following  items  can  be  stated: 

-  the  compressor  map  shows  a  net  difference  of  flow  capacity  between  the  tests  in  and  out  compres¬ 
sor  rotating  stall  condition(about  10#  lower  at  87.5#  ND  with  Wf  *  36  g/s),  as  previously  shown* 

-  there  is  a  significant  drop  in  the  compressor  efficiency  (at  Wf  =  3b  g/s,  from  74.1#  to  69.3#) » 

-  the  maximum  power  drop,  at  the  same  EGT,  is  60  kW  due  to  stalled  condition  (fig.  13-E)* 

-  in  the  diagram  of  fig.  13-F  we  note  that  at  TET  constant  the  exhaust  gas  temperature  EGT  is 
higher, meaning  a  different  behaviour  of  the  engine  hot  section  in  the  stall  condition* 

-  as  indicated  in  fig.  13-H,  the  maximum  TET  is  about  80  deg  K  higher  at  the  stalled  condition* 

-  finally,  at  constant  fudl  flow,  the  engine  power  drop  due  to  stalled  condition  is  about  25  kW 
(fig.  13-1). 

The  overall  engine  performance  loss  is  not  only  due  to  the  lower  compressor  massflow,  pressure 
ratio  and  efficiency,  but  also  to  the  other  components  rematching. 

With  the  same  fuel  flow,  the  turbine  flow  capacity  seems  to  be  1.5#  lower  and  the  turbine  effi¬ 
ciency  is  one  percent  lover. 
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The  combustion  chamber  exit  temperature  profiles  in  the  stalled  condition  does  not  suffer  sub¬ 
stantial  change,  as  approximately  can  be  deduced  from  the  circumferential  and  radial  exhaust 
temperature  profiles,  measured  by  means  of  30  thermocouples. 

The  influence  of  the  rotating  stall  on  the  combustion  chamber  efficiency  has  been  evaluated  in 
two  ways.  The  first  method  calculates  the  combustion  efficiency  ETAB  iteratively,  using  the 
following  relation: 

combustion  temperature  increase  =  f(T2,  LHV,  FAR) 

where:  T2  is  compressor  exit  temperature* 

LHV  is  lower  heating  value  of  the  fuel* 

FAR  is  the  fuel-air-ratio,  obtained  as  FAR  -  Wf  ■'  ETAB/W 

This  temperature  increment  is  compared  to  the  note  value  coming  from  the  power. 

In  the  second  method,  the  loss  of  the  combustion  efficiency  is  evaluated  by  means  of  the  combu¬ 
stor  loading  function  THETA: 


THETA  =  (P2**1.75  *  e**(T2/300)  *  I0*»5)/W 


where:  P2  is  the  compressor  exit  pressure  ( lbf/in:: *2) * 

T2  is  the  compressor  exit  temperature  (deg  K)* 

W  is  the  air  massflow  (lbm/s). 

THETA  is  a  single  function  of  the  combustion  chamber  efficiency  ETAB  for  constant  fuel-air-ratio. 

In  both  cases,  a  loss  of  combustion  efficiency  has  been  estimated  in  about  2'?,  doing  the  compari¬ 
son  at  the  same  fuel  flow. 

Using  our  engine  simulation  computer  code,  the  13%  power  loss,  from  "unstalled"  to  "stalled"  en¬ 
gine  condition,  at  87*5$  ND,  has  been  shared  to  8$,  due  to  overall  compressor  deterioration, 
and  5^  due  to  components  rematching.  In  fact  3.$%  drop  is  due  to  combustion  efficiency,  3.Y? 
drop  to  the  turbine  efficiency  and  1 .7%  is  the  positive  contribution  of  the  turbine  rematchine, 
due  to  the  reduced  flow  capacity. 


CONCLUDING  REMARKS 

The  experimental  investigation  described  in  this  paper  revealed  that  the  tested  prototype  engine  had 
the  compressor  map  different  from  the  one  obtained  by  the  rig,  specially  at  part-speeds,  where  lower 
massflow,  pressure  ratio  and  efficiency  had  been  measured.  Moreover,  a  double  characteristic  at  *7 .$* 
ND  was  found. 

This  difference  was  caused  mainly  by  the  stronger  variation  with  rotor  speed  of  the  compressor  im¬ 
peller  axial  tip  clearance,  in  the  tested  engine  build  considerable  higher  than  the  rie  value. 

Based  on  the  results  obtained,  a  clear  relation  between  the  compressor  impeller  rotating  stall  and 
a  noisy  behaviour  of  the  engine  at  part  speeds  was  found. 

An  attempt  has  been  made  to  relate  the  noise  frequency  components  having  no  aerodynamic  origin,  obser 
ved  at  87-5!?  as  well  as  90%  ND,  with  the  mechanical  vibrations  of  the  compressor  casing.  Some  corre¬ 
lations  have  been  found  with  resonant  frequencies  of  this  structure. 

The  compressor  impeller  rotating  stall  influences  the  engine  performance  at  part-speed  (87.$?  ND). 
in  fact  this  phenomenon  causes  a  penalty  of  13/?  in  power,  from  the  "unstalled"  condition  to  the 
stalled  one  at  the  same  fuel  flow. 

Finally,  the  engine  simulation  code  is  applied  to  this  test  case,  using  the  experimental  compressor 
speed-line  data  at  87-5%  ND.  The  result s  show  that  the  effect  of  drop  in  engine  power  is  not  only  due 
to  the  compressor  performance  deterioration,  caused  by  the  impeller  rotating  stall,  but  also  to  its 
negative  influence  on  the  engine  components  "downstream",  i.e.  affecting  the  combustion  efficiency 
and  the  turbine  efficiency. 
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DISCUSSION 


P.Griffiths,  US 

How  was  the  engine  put  into  stall  to  lake  the  “in-stall"  steady-state  data? 

Author's  Reply 

After  the  data  acquisition  of  Test  Point  4 1 1  (see  Fig.7  bis)  —  that  was  observed  to  be  an  unstable  equilibrium  condition 
for  the  engine  —  a  little  variation  of  the  engine  speed  caused  the  compressor  to  jump  into  a  rotating  stall  condition.  So 
the  engine  was  simply  stabilised  at  the  new  equilibrium  point  (T/P  4 1 2),  reducing  the  dynamometer  load,  in  order  to 
provide  the  same  corrected  speed.  The  fuel  flow  remained  constant. 


P.Griffiths,  US 

Could  the  stall  be  cleared  to  get  back  to  the  unstalled  characteristic  without  shutting  the  engine  down? 

Author's  Reply 

It  was  not  necessary  to  shut  down  the  engine. 

Since  it  was  impossible  to  get  out  of  rotating  stall  by  reducing  the  dynamometer  load,  the  only  way  to  reach  the 
compressor  unstalled  condition  was  to  increase  the  engine  speed. 


Unidentified  speaker 

Je  voulais  savoir  si  sur  ce  moteur  1c  probleme  de  bruit  est  un  probleme  important.  Par  exemple:  la  Figure  1 0.  qui  montre 
des  spectres  de  bruit.  Ce  sont  dcs  spectres  obtenus  sur  un  moteur  reel? 

Author's  Reply 

No.  This  problem  we  found  only  on  this  engine  which  was  an  earlier  version  of  the  AR  3 1 8  engine.  In  particular,  we 
found  the  problem  because  the  compressor  map  was  much  different  from  the  one  found  from  rig  results.  We  do  not 
now  have  this  problem  on  the  engine. 


Unidentified  speaker 

Oui,  d’accord.  parce-que  les  “peaks'*  sur  ce  moteur  sont  tres  importants.  Habituellement  en  basse  frequence  on  voit 
surtout  du  bruit  largement  en  general  sur  cc  type  de  moteur.  a  cause  de  la  combustion,  a  cause  de  1'ecoulement  interne, 
et  pas  des  raies  —  les  raies  on  les  voit  surtout  au  "fundamental  blade  passage  frequency”. 

Author's  Reply 

The  microphone  to  detect  the  engine  noise  signal  was  very  near  the  air  intake  —  20  to  30  cm  from  the  aii  intake,  so  I 
think  that  explains  the  level  of  noise  that  was  measured. 
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SUMMARY 

A  survey  is  presented  of  experimental  and  analytical  experience  of  the  NASA  Lewis 
Research  Center  in  engine  response  to  inlet  temperature  and  pressure  distortions.  There 
has  been  a  continuing  NASA  effort  over  the  past  decade  and  a  half  to  improve  the  under¬ 
standing  of  the  effects  of  inlet  distortion  on  engine  performance,  particularly  on  the 
compression  system  performance.  Results  of  experimental  investigations  and  analytical 
modeling  work  at  NASA  are  reviewed  together  with  a  description  of  the  hardware  and  the 
techniques  employed.  Distortion  devices  successfully  simulated  inlet  distortion,  and 
knowledge  was  gained  on  compression  system  response  to  different  types  of  distortion. 

A  list  of  NASA  research  references  is  included. 


INTRODUCTION 

A  persistent  problem  in  the  development  of  airbreathing  propulsion  systems  for  new 
aircraft,  be  they  turbojet,  turbofan  or  turboshaft  engines,  is  the  detrimental  effect  of 
nonuniform  inlet  flow  on  engine  stability.  When  rotary-wing  aircraft  are  operating  near 
the  ground  (i.e.,  in  ground  effect),  engine  exhaust  can  be  contained  by  the  rotor  down- 
wash  and  recirculated  to  the  engine  inlet  (Fig.  1,  Ref.  1).  With  vertical/short  takeoff 
and  land  (V/STOL)  aircraft  the  jet  stream  impinges  on  the  ground,  flows  outward  from  the 
impingement  points,  and  eventually  reaches  the  engine  inlet.  This  leads  to  hot  gas 
ingestion.  Other  potential  sources  of  inlet  flow  distortion  are  gun-  or  rocket-exhaust 
gas  ingestion,  wakes  from  other  aircraft,  aircraft  maneuvers,  interaction  of  airframe 
and  inlet,  and  off-design  operation  of  the  inlet. 

The  effect  of  this  inlet  distortion,  be  it  a  pressure  or  temperature  distortion  or 
a  combination  of  the  two,  is  that  the  power  available  is  reduced  along  with  the  engine- 
compression-system  surge  margin  (i.e.,  the  difference  between  the  operating  line  and 
surge  line).  The  confident  prediction  of  ingestion  levels,  or  inlet  distortion  pat¬ 
terns,  for  any  arbitrary  a ircraft/ engine  design  and  their  effect  on  compression  system 
performance  requires  a  comprehensive  set  of  design  data  not  easily  obtained.  Ground- 
level  engine  tests  and  flight  tests  are  required  to  measure  the  magnitude  and  the 
effects  of  inlet  distortion  on  the  engine  in  question. 

A  continuing  experimental  and  analytical  program  has  been  in  progress  at  the  Lewis 
Research  Center  for  more  than  a  decade  to  further  the  understanding  of  inlet  distortion 
and  its  effects  on  engine  stability,  particularly  that  of  the  compression  system.  This 
work  includes  investigations  using  turbojet,  turbofan,  and  turboshaft  engines  subjected 
to  distortions  of  inlet  pressure,  temperature,  and  a  combination  of  pressure  and  temper¬ 
ature.  As  byproducts  of  these  investigations,  devices  to  generate  steady-state  and  time- 
variant  pressure  and  temperature  distortions  were  developed. 

The  effects  of  inlet  flow  distortions  as  defined  by  total  pressure  variations  were 
extensively  investigated  by  NASA's  predecessor,  the  National  Advisory  Committee  for 
Aeronautics  (NACA)  ,  in  the  1950's.  Relatively  simple  analytical  models  and  indices  were 
developed  to  predict  the  effects  of  pressure  distortion  on  engine  stability.  However, 
in  the  1960's,  higher  speed  aircraft  encountered  stability  problems  not  predicted  by 
these  models.  It  was  determined  that  these  problems  were  the  result  of  time-varying 
inlet  total  pressure  distributions.  At  that  time  it  was  deemed  desirable  to  also  inves¬ 
tigate  the  effect  of  nonuniforra  inlet  temperature  on  engine  stability.  Although  temper¬ 
ature  distortion  caused  several  known  aircraft  incidents,  it  had  not  been  examined 
except  for  a  few  investigations  in  the  1950's  (Refs.  2  to  4). 

In  the  mid-1960's  NASA  returned  to  the  investigation  of  engine  stability  and  inlet 
flow  distortion.  Prime  interest  was  in  time-variant  pressure  distortion  and  both  steady- 
state  and  time-variant  temperature  distortions.  The  results  of  these  investigations  were 
incorporated  into  analytical  models  and  thus  provided  a  base  for  a  better  understanding 
of  the  phenomenon. 

Steady-state  and  time-variant  devices  to  create  inlet  temperature  and  pressure  dis¬ 
tortions,  and  combined  temperature  and  pressure  distortion  were  required  to  simulate  the 
inlet  flow  distortion  occurring  in  the  field.  NASA  Lewis  developed  the  devices  which 
are  described  in  this  report.  Highlights  of  results  of  the  NASA  work  with  these  distor¬ 
tion  devices  over  the  past  decade  and  a  half  are  also  presented. 

Because  of  the  large  number  of  programs  involving  inlet  distortion  and  its  effects 
on  engine  performance,  and  the  large  amount  of  data  generated  in  these  programs,  some 
limit  to  the  information  presented  is  required.  This  report  reviews  NASA  investigations 
into  the  engine  response  to  distorted  inlet  conditions  and  covers,  briefly,  the  results 
of  experimental  investigations,  some  analytical  modeling  work,  and  hardware  and  tech¬ 
niques  used  to  simulate  inlet  pressure  and  temperature  distortions. 
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The  presentation  of  experimental  results  is  divided  into  three  sections: 

(1)  Steady-state  and  time-variant  temperature  distortion 

(2)  Steady-state  and  time-variant  ir.let  pressure  distortion 

(3)  Steady-state  combined  inlet  pressure  and  temperature  distortion 

Analytical  modeling  work  and  comparisons  with  experimental  work  are  also  presented.  The 
devices  used  to  create  these  distortions  included  screens,  both  stationary  and  rotata¬ 
ble,  and  a  pressure  jet  system  capable  of  injecting  air  counter  to  the  inlet  flow,  thus 
canceling  inlet  air  momentum,  to  create  both  dynamic  and  steady-state  pressure  distor¬ 
tions.  Temperature  distortions  were  created  by  using  hydrogen- fueled  temperature  dis¬ 
tortion  generators  of  two  different  designs}  the  larger  for  experimental  work  involving 
turbojet  and  turbofan  engines,  and  the  smaller  for  turboshaft  engine  investigations. 

TEMPERATURE  DISTORTION 
Temperature  Distortion  Generators 

Gaseous  hydrogen  burners  were  used  to  develop  inlet  temperature  distortion. 

Because  of  the  larger  flows  required,  the  inlet  temperature  distortion  tests  involving 
turbojet  and  turbofan  engines  required  a  different  temperature  distortion  generator 
design  than  that  used  for  the  turboshaft  engine  tests.  In  addition  the  power  output 
shaft  in  the  center  of  the  turboshaft  engine  inlet  ducting  and  bellmouth  imposed  dif¬ 
ferent  design  requirements  on  the  generator  for  that  installation. 

The  gaseous  hydrogen  burner  (Figs.  2  and  3)  used  for  tests  with  the  turbojet  and 
turbofan  engines  was  installed  upstream  of  the  inlet  bellmouth  (Ref.  5).  Hydrogen  was 
used  because  it  is  cleaner  burning--generating  water  vapor  rather  than  pollutants--and 
requires  a  lower  fuel-to-air  ratio  for  a  given  temperature  rise  than  other  fuels  that 
were  considered.  Therefore,  its  effects  on  engine  performance  parameters  are  of  much 
less  concern.  Also,  the  low  flammability  limits  of  hydrogen  permitted  low  levels  of 
temperature  rise.  In  addition,  flame  propagation  is  faster  than  other  fuels  considered. 
This  was  borne  out  in  early  investigations,  which  showed  that  temperature  rise  rates  of 
10  000  K/sec  could  be  generated  (Pig.  4  and  Ref.  6)  and  that  the  distortion  pattern 
remained  nearly  constant  as  flow  approached  the  engine  inlet  (Fig.  5  and  Ref.  7).  In 
Fig.  4  the  indicated,  or  measured,  temperatures  were  corrected  for  time  lag,  Mach  num¬ 
ber/pressure  recovery,  and  radiation  by  using  the  procedures  and  equations  found  in 
Ref.  8.  For  the  larger  burners  used  with  the  turbofan  and  turbojet  installations,  the 
distance  from  the  burner  to  the  engine  inlet  was  three  to  six  duct  diameters,  while  in 
the  case  of  the  generator  for  the  turboshaft  engine  this  distance  was  two  duct  diameters. 
A  later  version  of  the  burner  used  for  turbojet  and  turbofan  testing  (Fig.  6)  has  the 
capability  of  being  remotely  rotated  +30°  from  the  center  position  (Ref.  9).  Each  of 
the  four  quadrants,  or  circumferential  extents,  is  individually  controlled  so  that  many 
combinations  are  possible.  In  addition,  each  gutter,  or  radial  extent,  in  a  quadrant  is 
controllable.  An  added  feature  is  that  one  quadrant  is  designed  so  that  a  30°  sector 
can  be  inserted  if  an  extent  smaller  than  90°  is  desired.  Rotating  the  burner  distor¬ 
tion  pattern  past  the  engine  instrumentation  permits  mapping  of  the  distortion  and  its 
effect  through  the  compressor  by  using  minimal  instrumentation. 

There  are  additional  features  of  the  burners  shown  in  Figs.  2,  3,  and  6  which  are 
worthy  of  note.  Each  quadrant  of  the  burner  has  five  swirl-can  pilot  burners.  Also  in 
each  quadrant  is  an  ignition  source  for  the  hydrogen,  five  annular  flameholder  gutters, 
one  radial  gutter,  and  tubes  to  supply  the  hydrogen  to  the  proper  location  for  ignition. 
The  control  system  is  capable  of  fast  response  for  temperature  transients  by  way  of  a 
high-speed  valve.  For  the  time-variant  temperature  distortions,  the  desired  hydrogen 
pressure  is  established  in  a  trapped  volume  upstream  of  the  flow  control  valve  and  a 
high-speed  valve  for  the  specified  quadrants  (Fig.  7).  The  swirl-can  pilot  burners  at 
those  quadrants  are  lit,  and  the  engine-inlet  temperature  distortion  pattern  is  set 
prior  to  each  transient.  At  each  engine  condition,  circumferential  extents  of  the  fan 
inlet  can  be  exposed  to  a  range  of  peak  temperature  magnitudes  and/or  temperature  rise 
rates.  The  rate  and  magnitude  are  functions  of  the  pressure  and  quantity  of  trapped 
hydrogen,  respectively.  The  pressure  of  the  trapped  hydrogen  can  be  changed  and  the 
process  repeated  until  a  compressor  stall  limit  is  reached.  For  steady-state  distor¬ 
tions  the  valves  for  the  quadrants  of  interest  are  opened  slowly  until  the  desired  tem¬ 
perature  level  is  reached  at  the  engine  inlet. 

The  temperature  distortion  generator  for  turboshaft  engine  application  can  create 
both  steady-state  and  time-variant  temperature  distortion  at  the  engine  inlet  by  using 
gaseous  hydrogen.  It  is  an  adaptation  of  a  device  described  in  Ref.  10.  The  burner 
(Fig.  8)  consists  of  eight  individually  controlled  sectors,  with  three  swirl-cup  combus¬ 
tors  (Fig.  9)  per  sector.  These  swirl  cups  for  the  turboshaft  engine  distortion  genera¬ 
tor  are  the  same  size  as  the  swirl-can  pilot  burners  used  for  the  turbojet  and  turbofan 
engine  temperature  distortion  generator.  Many  sector  combinations,  or  temperature  dis¬ 
tortion  patterns,  were  possible.  The  hydrogen  distribution  system  from  the  fuel  supply 
point  to  the  swirl-cup  combustors  and  its  operation  are  described  in  detail  in  Ref.  11. 

In  a  typical  operation  to  find  the  response  of  the  turboshaft  engine  to  inlet  tem¬ 
perature  distortion,  the  swirl  cups  in  those  sectors  where  the  temperature  distortion 
was  being  imposed  were  lit  (there  were  no  pilots)  while  the  engine  was  at  idle.  The 
hydrogen  flow  was  adjusted,  and  the  engine  power  was  increased  to  the  desired  operating 
level.  Once  conditions  were  stabilized,  the  hydrogen  flow  was  either  increased  to  a 
fixed  level  to  produce  the  desired  steady-state  distortion  or,  if  a  transient  distortion 
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was  desired,  pulsed  at  increasingly  greater  pressures  until  stall  occurred.  Each  pulse 
produced  a  unique  combination  of  temperature  rise  and  temperature  rise  rate  at  the 
engine  inlet. 

Temperature  Distortion  Results 

The  results  of  the  temperature  distortion  investigations  are  categorized  in  terms 
of  the  effects  of  sensor  location,  distortion  extent,  distortion  magnitude,  and  Reynolds 
number  index  (i.e.,  altitude  operation)  changes. 

Inlet  temperature  distortion  can  have  a  significant  effect  on  engine  stability, 
especially  when  it  causes  the  engine  control  to  operate  at  an  incorrect  equivalent  rotor 
speed  (i.e.,  the  equivalent  speed  under  standard  sea-level-static  inlet  conditions). 

When  the  inlet  temperature  sensor  detects  either  the  cold  or  hot  part  of  the  distorted 
flow,  the  control  adjusts  variable  geometry  accordingly  and  changes  the  compressor  stall 
margin  differently  than  if  the  sensor  detects  the  warm  average  inlet  temperature. 
Therefore  the  location  of  the  sensor  is  critical  to  engine  stability  and  to  the  analysis 
of  temperature  distortions. 

As  the  extent  of  the  distortion  increased  to  a  certain  level,  the  engines  tested 
were  less  tolerant  of  circumferential  distortion  at  a  fixed  operating  condition.  More¬ 
over,  the  results  from  an  investigation  involving  steady-state  temperature  distortion 
and  a  turbojet  engine  revealed  that  between  90  and  180°  extent  there  was  no  significant 
change  in  compression  system  response  (Ref.  12).  This  was  also  true  for  time-variant 
distortion  testing  with  a  turboshaft  engine,  even  though  it  had  an  integral  inlet  parti¬ 
cle  separator  (Fig,  10  and  Ref.  13) .  Figure  10  shows  a  leveling  off  of  temperature  rise 
with  increasing  extent  as  180®  is  reached. 

In  general,  diametrically  opposed  circumferential  distortion  sectors  such  as  those 
shown  in  Fig.  11(a)  have  less  effect  on  the  compression  system  than  single  distorted 
sectors  such  as  that  shown  in  Fig.  11(b)  (Ref.  12).  While  this  was  noted  for  a  turbojet 
engine,  it  is  also  in  agreement  with  results  of  temperature  distortion  experiments  for 
the  turboshaft  engine  with  inlet  particle  separator  (Fig.  12  and  Ref.  13).  The  engine 
compression  system  was  more  tolerant  not  only  of  a  balanced  distortion  such  as  180° 
opposed  distortion  cells  but  also  of  such  patterns  as  a  four-per-revolution  distortion 
uniformly  spaced. 

In  addition  to  tests  to  determine  the  effect  of  circumferential  distortion  extent, 
the  magnitude  of  the  distortion  and  its  effect  on  compressor  performance  were  investi¬ 
gated.  It  was  determined  in  Refs.  5  and  14  that,  for  the  turbofan  engine  tested,  the 
time-variant  circumferential  temperature  distortion  requited  to  produce  stall  was  inde¬ 
pendent  of  the  rise  rate  (Fig.  13)  and  was  a  function  of  the  equivalent  steady-state 
distortion  in  the  critical  stage  in  the  compressor.  Thus  the  temperature  distortion  at 
the  compressor  face  was  greater  than  steady-state  for  increasing  rise  rates  because  of 
the  time  required  for  the  flow  (distortion)  to  reach  the  critical  stage.  In  Fig.  13  it 
should  be  noted  that  below  approximately  1000  K/sec  the  burner  design  did  not  permit 
high  enough  temperature  rises  for  determining  whether  stall  would  occur  at  those  condi¬ 
tions.  However,  since  the  steady-state  threshold  for  stall  was  shown  to  be  the  same  as 
that  for  the  available  time-variant  data,  it  is  assumed  that  the  critical  temperature 
rise  is  the  same  for  the  temperature  rise  rates  between  steady  state  and  1000  K/sec. 

Attempts  were  made  to  measure  the  magnitude  of  the  steady-state  distortion  required 
to  surge  tne  turboshaft  engine.  None  of  these  attempts  were  successful  because  the  dis¬ 
tortion  levels  that  could  be  imposed  were  limited  by  an  engine-inlet  hardware  temperature 
limit.  Another  consideration  was  the  engine-inlet  particle  separator.  A  simplified 
analysis  of  the  compressor  operating  point  of  the  turboshaft  engine  during  these  steady- 
state  distortion  tests  indicated  that  the  particle  separator  desensitized  the  engine  to 
the  extent  of  circumferential  temperature  distortion  possibly  by  mixing  the  heated  and 
unheated  inlet  air  to  produce  a  more  uniform  temperature  profile  at  the  compressor  face. 

Figure  14  shows  a  plot  of  the  uniform-inlet-flow  compressor  map  generated  experi¬ 
mentally.  It  should  be  noted  that  the  map  was  constructed  by  using  inferred  compressor 
inlet  conditions  because  space  limitations  made  it  impossible  for  truly  representative 
temperatures  and  pressures  to  be  measured  at  that  station.  Plotted  on  the  compressor 
map  is  a  steady-state  data  point  where  a  180°  circumferential  temperature  distortion  was 
created  at  the  particle  separator  inlet  (solid  triangle).  The  engine  did  not  surge  for 
these  conditions  up  to  the  steady-state  temperature  limit  for  the  engine  inlet  hardware. 
If  it  is  assumed  that  the  compressor  inlet  will  see  the  180°  circumferential  distortion 
imposed  at  the  separator  inlet,  exnerience  shows  that  the  average  compressor  operating 
point  will*  be  on  the  normal  operating  line,  as  shown  by  the  solid  triangular  symbol. 

This  represents  the  compressor  speed  equated  to  standard  sea-level-static  conditions  by 
using  the  average  engine  inlet  temperature.  From  parallel -compressor -theory  assumptions 
(Refs.  15  and  16),  the  two  sectors  of  the  compressor  operate  at  the  same  pressure  ratio 
but  at  different  equivalent  speeds,  as  indicated  by  the  solid  diamond  symbol  for  the  hot 
sector  and  the  solid  cone  symbol  for  the  cold  sector.  As  shown,  the  hot-sector  opera¬ 
ting  point  is  considerably  to  the  left  of  the  surge  line,  and  the  compressor  should  have 
surged.  Since  no  surge  occurred,  it  may  be  assumed  that  the  compressor  Inlet  did  not 
see  the  pure  180°  distortion  pattern  but  probably  saw  a  more  homogeneous  temperature 
leaving  the  particle  separator. 

Finally,  with  inlet  temperature  distortion  present,  it  was  also  found  that  the 
Reynolds  number  index  (RNI )  affected  the  stall  margin.  As  an  example,  for  the  turbojet. 
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even  with  a  moderate  distortion,  the  stall  margin  decreased  as  the  RNI  decreased  from 
0.65  to  0.30  (Pig.  15  and  Ref.  12).  However,  this  was  not  as  pronounced  as  for  the  tur¬ 
bofan  engine  (Ref.  17). 

PRESSURE  DISTORTION 
Pressure  Distortion  Generators 

Steady-state  pressure  distortions  were  generated  by  two  methods.  The  first,  and 
older,  method  involved  screens  of  different  densities.  The  second  method  of  generating 
steady-state  and,  in  addition,  time-variant  distortions  of  the  inlet  total  pressure  used 
a  NASA- dev eloped  air  jet  device  (Refs.  18  and  19).  The  device  and  its  position  relative 
to  the  engine  inlet,  approximately  one  duct  diameter  upstream,  are  shown  in  Fig.  16. 

This  device  produces  total  pressure  distortion  patterns  by  the  cancellation  of  inlet 
airflow  momentum.  This  is  accomplished  by  injection  of  secondary  air  into  the  inlet 
duct  in  the  direction  opposite  to  the  primary  flow.  The  device  contains  54  individual 
jets  divided  into  six  60°  sectors  of  nine  jets  each.  A  remotely  controlled,  hydrauli¬ 
cally  driven  valve  governs  the  flow  to  each  sector  independently.  The  degree  of  pres¬ 
sure  distortion  is  controlled  by  the  amount  of  this  flow. 

Pressure  Distortion  Results 

Discussion  of  the  pressure  distortion  results  includes  highlights  of  the  effects  of 
both  steady-state  and  time-variant  distortions.  These  highlights  include  the  effects  of 
the  distortion  generator  on  inlet  conditions,  the  effects  of  a  total  pressure  distortion 
as  it  travels  through  the  engine  compression  system,  the  effects  of  a  distortion  rotat¬ 
ing  with  or  opposed  to  engine  rotation,  the  effects  of  the  frequency  of  the  distortion 
pattern,  and  the  relation  between  steady-state  and  time-variant  distortions. 

The  total  pressure  distortion  did  not  change  significantly  when  traveling  from  the 
source  that  produced  it  to  the  engine  face  (Fig.  17).  The  static  pressure  distortion, 
however,  increased  exponentially  from  the  source  to  the  leading  edge  of  the  compressor 
first-stage  rotor  blades  (Fig.  18  and  Refs.  20  and  21).  The  behavior  of  the  static 
pressure  distortion  is  the  key  to  satisfying  the  inlet  flow  condition  for  the  analytical 
model,  as  is  explained  in  the  section  MODELING.  For  a  single  distortion  zone  in  a 
constant-area  duct,  this  static-pressure-distortion  axial  distribution  can  be  repre¬ 
sented  by  the  following  equation  (Refs.  22  and  23): 

DPS  a  (-x/R) 

Trtw  e 


DPS  maximum  -  minimum  static  pressure  at  a  location  x 

(DPS)IGV  maximum  -  minimum  static  pressure  at  mean  radius  of  IGV 

IGV  inlet  guide  vane  assembly 

x  distance  upstream  of  IGV 

R  mean  radius  of  IGV 

The  rate  at  which  the  total  pressure  distortion  is  attenuated  within  the  compressor 
increased  with  increasing  rotor  speed  (Fig.  19  and  Ref.  24).  A  total  temperature  distor¬ 
tion  was  generated  by  the  two  unequal  pressure  ratios  created  by  the  pressure  distortion 
and  was  maximum  at  the  exit.  Since  the  compressor  flow  exits  into  a  plenum  (combustor), 
the  static  pressure  is  uniform.  Also  the  exit  Mach  number  is  low,  and  therefore  the 
total  pressure  distortion  is  small. 

An  inlet  total  pressure  distortion  rotating  about  the  engine  axis  increased  stall 
margin  when  the  distortion  pattern  rotated  in  the  opposite  direction  to  the  compressor 
rotation  but  decreased  the  stall  margin  when  the  distortion  rotated  in  the  same  direc¬ 
tion  as  the  compressor  rotation  (see  Fig.  20  and  Ref.  25).  The  increase  and  decrease  in 
stall  margin  are  relative  to  the  steady-state  condition,  where  there  is  no  rotation  of 
the  distortion.  The  decrease  of  stall  margin  is  also  a  function  of  the  rotational 
velocity  of  the  distortion  as  a  fraction  of  the  rotor  speed. 

Other  time-variant  inlet  total  pressure  distortions  investigated  were  full-farce- 
sinusoidal  total  pressure  variations  and  180°  circumferential  distortions,  where  (1) 
only  the  distorted  sector,  or  the  sector  with  its  pressure  below  the  average  pressure, 
varied,  and  (2)  both  the  distorted  and  undistorted  sectors  varied  sinusoidally  but  180° 
out  of  phase.  As  would  be  expected,  the  effect,  on  the  compressor  was  greater  when  both 
the  distorted  and  undistorted  sectors  were  active. 

Discrete  inlet  pressure  variations  covering  a  variety  of  circumferential  extents, 
amplitudes,  and  durations  (or  frequencies)  for  a  given  rotor  speed  were  also  investi¬ 
gated  (Ref.  26).  An  example  of  this  work  is  presented  in  Fig.  21,  a  plot  of  relative 
inlet  total  pressure  amplitude  as  a  function  of  pressure  pulse  duration,  which  shows  the 
conditions  that  induced  compressor  stall  for  extents  from  60  to  360°.  Depending  on  the 
extent  of  the  pressure  distortion,  this  threshold  was  from  a  pulse  duration  of  5  to 
14  msec,  or  a  frequency  of  approximately  100  to  35  Hz,  respectively.  These  data 


15-5 


indicate  that  stall  is  most  likely  to  occur  over  a  particular  low  frequency  range,  and 
the  probability  of  it  occurring  above  this  range  is  low.  A  possible  explanation  for 
this  behavior  is  that  there  is  a  finite  time  interval  required  for  a  rotor  blade  to 
stall  in  response  to  a  total  pressure  distortion.  During  shorter  durations,  or  higher 
frequencies,  the  distortion  is  too  brief  for  a  rotor  blade  to  respond.  The  results 
showed  that  stall  tolerance  is  a  function  of  not  only  the  instantaneous  distortion 
level,  but  also  the  rate  of  change  of  the  inlet  pressure  and  the  dwell-time  of  the 
fan-compressor  rotor  blading  in  an  engine-inlet  distortion. 

It  is  possible  to  relate  time-variant  pressure  distortions  to  steady-state  distor¬ 
tions  (Pig.  22)  by  using  instantaneous  distortion  theory  as  presented  in  Ref.  27. 

Pressure  distortions  were  observed  with  proper  frequency  filtering,  or  elimination  of 
extraneous  frequencies  above  and  below  the  range  of  interest,  or  the  critical  frequency 
range.  However,  the  effects  of  a  given  distortion  pattern  are  a  function  of  the  partic¬ 
ular  geometry  of  an  engine,  such  as  combustor  volume  dynamics  and  compressor  discharge 
conditions,  and  the  results  presented  should  only  be  used  to  show  trends. 

Overall  it  was  found  that  a  convenient  descriptor  for  total  pressure  distortions 
was  (max  -  min) /average.  This  can  be  related  to  individual  and  average  compressor  pres¬ 
sure  ratios  and  their  position  on  compressor  maps. 

COMBINED  PRESSURE  AND  TEMPERATURE  DISTORTION 

Combined  Pressure  and  Temperature  Generators 

To  avoid  undue  complexity  in  analyzing  the  results,  the  study  of  combined  tempera¬ 
ture  and  pressure  distortion  was  limited  to  a  steady-state  investigation  of  various 
combinations  of  180°  circumferential  temperature  and  pressure  patterns.  The  effect  of 
combined  pressure  and  temperature  distortion  on  compressor  stability  limits  was  deter¬ 
mined  by  slowly  increasing  the  temperature  in  a  180°  sector  with  a  180°  extent  dis¬ 
tortion  screen  in  place  until  stall  was  reached.  Since  the  screen  could  be  indexed 
independently  of  the  temperature  distortion  generator,  the  effects  of  the  relative  posi¬ 
tions  of  the  pressure  and  temperature  distortions  could  be  investigated.  A  different 
approach  was  followed  for  the  experimental  investigation  reported  in  Ref.  12.  Stall 
data  were  obtained  once  an  inlet  distortion  was  established  by  reducing  the  exhaust  noz¬ 
zle  area  while  maintaining  constant  equivalent  engine  speed. 

Combined  Pressure  and  Temperature  Results 

It  was  discovered  that,  when  pressure  and  temperature  patterns  were  fully  over¬ 
lapped,  the  distortion  created  in  the  compression  system  resulted  in  the  greatest  loss 
of  stall  margin  (Refs.  21  and  28).  If  the  combined  pressure  and  temperature  distortion 
were  properly  oriented,  one  distortion  could  counteract  the  other  and  actually  increase 
stall  margin.  This  occurred  when  there  was  no  overlap  of  the  distortions.  Varying  the 
amount  of  overlap  resulted  in  a  proportional  loss  in  stall  margin.  Again,  there  was  a 
minimum  extent  of  combined  distortion  that  reduced  the  stall  margin. 

By  using  the  techniques  involved  in  creating  combined  pressure  and  temperature  dis¬ 
tortion  patterns,  it  was  found  that  an  operating  envelope  for  an  engine  could  be  devel¬ 
oped  that  defined  the  distortion  sensitivity  limits.  For  example,  Boeder  (Ref.  21)  found 
that  a  distortion  sensitivity  map  relating  pressure  and  temperature  distortion  could  be 
developed  relatively  easily  by  using  a  rotatable  screen  of  approximately  50  percent  den¬ 
sity  and  a  temperature  distortion  generator  to  cover  both  the  full  overlap  and  no  over¬ 
lap  conditions  for  the  pressure  and  temperature  distortions  (Fig.  23). 

MODELING 

An  understanding  of  the  effects  of  inlet  flow  distortions — pressure,  temperature, 
and  combined  pressure  and  temperature — on  stall  margin  can  be  obtained  from  a  simplified 
model  such  as  the  one  described  in  Refs.  15  and  16.  These  references  also  present  a 
listing  of  some  of  the  more  common  distortion  indices  and  how  they  relate  to  the  model. 
This  theory  predicted  to  a  fair  degree  the  pressure  ratios  and  limiting  distortions  which 
cause  compressor  stall,  but  it  did  not  consistently  predict  the  equivalent  air  flow 
rates.  However,  the  distorted  and  undistorted  airflow  rates  were  measured  approximately 
1  m  in  front  of  the  engine  inlet.  Because  static  pressure  distortion  increases  exponen¬ 
tially  with  distance  along  the  inlet  duct  wall  (Refs.  20  and  21) ,  this  discrepancy  was 
reduced  when  the  flows  at  the  leading  edge  of  the  compressor  first-stage  blades  were 
considered.  Under  NASA  sponsorship  this  simplified  model  was  further  refined  to  yield  a 
more  reliable  prediction  for  a  low-bypass-ratio  turbofan  engine  (Refs.  22  and  23) . 

NASA  was  also  involved  in  other  modeling  efforts.  These  included  the  following: 
another  low-bypass-ratio  turbofan  engine  model  (Ref.  29);  a  turbojet  engine  dynamic  dis¬ 
tortion  model  which  provided  a  multipath  analysis  of  circumferential  temperature,  pres¬ 
sure,  and  combined  distortions  (Refs.  30  and  31);  and  a  high-bypass-ratio  multispool 
engine  compression  system  dynamic  model  (Ref.  32).  However,  to  simplify  this  report 
only  a  representative  sample  (Refs.  22  and  23)  of  the  modeling  effort  is  presented.  The 
steady-state  model  was  more  closely  related  to  the  experimental  programs  being  conducted 
at  NASA  in  addition  to  being  a  more  well  developed  code  before  NASA's  participation. 
Another  consideration  is  that  the  models  presented  in  Refs.  30  to  32  were  dynamic  models 
and  as  such  were  directed  less  toward  inlet  distortion  and  more  toward  stagnation  stall, 
a  subject  beyond  the  scope  of  this  report.  Finally,  the  research  emphasis  at  NASA  has 
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shifted  from  inlet  distortion,  and  therefore  the  dynamic  models  (Refs.  29  to  32)  were 
not  exercised  extensively  with  experimental  data. 

An  adaptation  of  the  simplified  model  of  Refs.  15  and  16,  based  on  multiple  flow 
paths  (or  parallel  compressors)  through  the  compression  system,  was  developed  by  Mazzawy 
(Refs.  22  and  23)  and  extended  under  contract  to  achieve  greater  fidelity,  especially 
with  temperature  distortion.  Also,  the  model  of  the  engine  us  d  for  the  experiment  uti¬ 
lized  compressor  maps  refined  by  using  experimental  data.  Plows  were  permitted  circum¬ 
ferentially  across  flow  boundaries.  Also,  the  temperature  distortion  was  assumed  to 
follow  a  particle  through  the  compressor,  whereas  the  pressure  distortion  was  regarded 
as  acoustic  (Refs.  22  and  23)  and  exhibited  less  swirl  in  passing  through  the  compres¬ 
sor.  comparison  of  the  predictions  obtained  with  this  model  and  experimental  data  are 
presented  in  Ref.  20.  This  refined  parallel  compressor  model  was  useful  in  obtaining  an 
understanding  of  the  stability  phenomenon  because  it  helped  to  relate  pressure,  tempera¬ 
ture,  and  combined  pressure  and  temperature  distortions.  A  general  list  of  the  assump¬ 
tions  used  in  applying  the  refined  parallel  compressor  theory  are  summarized  as  follows: 

(1)  The  compressor  is  divided  into  subcompressot  elements,  with  each  element,  or 
parallel  compressor,  operating  as  an  identity  defined  by  the  undistorted  compressor  map. 

(2)  Swirl  of  the  flow  passing  through  the  compressor  is  accounted  for  by  the 
theory.  The  swirl  associated  with  a  pressure  distortion  is  not  identical  to  the  swirl 
associated  with  a  temperature  distortion.  Pressure  passes  through  the  compressor  as  an 
acoustic  wave  (i.e.,  little  swirl),  while  temperature  has  the  properties  of  a  gas  parti¬ 
cle  and  follows  the  gas  flow  path  (i.e.,  the  temperature  distortion  has  more  swirl  than 
the  pressure  distortion).  This  modifies  the  edges  of  the  distortions,  or  blurs  the  dis¬ 
tinction  between  distorted  and  undistorted  regions. 

(3)  The  exit  static  pressure  is  the  same  for  all  elements. 

(4)  For  pressure  distortion  the  elements  operate  at  uniform  equivalent  rotor  speed 
but  at  different  pressure  ratios  dependent  on  the  distortion,  which  results  in  unequal 
temperature  ratios  (i.e.,  pressure  distortion  is  attenuated,  and  a  temperature  distor¬ 
tion  is  created). 

(5)  For  temperature  distortion,  the  elements  operate  at  a  constant  pressure  ratio, 
and  therefore  the  temperature  distortion  is  not  modified  except  by  inefficiency  in  the 
compressor . 

(6)  Individual  element  performance  is  adjusted  to  account  for  two-dimensional  and 
unsteady  flow  effects,  including  engine- induced  inlet  flow  redistribution,  circumferen¬ 
tial  crossflows,  and  unsteady  flow  due  to  rotor  movement  through  a  distorted  flow  field. 

In  the  work  done  by  Braithwaite  and  Soedec  (Ref.  28),  it  was  reported  that  there 
was  good  agreement  in  duplicating  analytically  (Refs.  22  and  23)  the  experimental 
results  by  using  the  temperature  and  pressure  profiles  measured  at  the  engine  inlet. 

The  flow  angles  measured  at  the  engine  inlet  were  satisfactorily  duplicated  analytically 
(Fig.  24).  The  internal  response  of  the  compression  system,  with  regard  to  pressure  and 
temperature  profiles  through  the  compressor  (Fig.  25),  swirl  angles  (Fig.  26),  attenu¬ 
ation  of  the  distortion  (Fig.  27) ,  and  the  values  of  limiting  pressure  and  temperature 
distortions  required  to  stall  as  determined  analytically,  was  also  found  to  be  in  good 
agreement  with  experimental  results  (Fig.  28). 

The  amount  of  pressure  distortion  required  to  stall  the  compression  system  is  shown 
in  Fig.  28  as  a  function  of  various  levels  of  temperature  distortion.  Two  regions  are 
shown  in  the  figure;  one  in  which  the  high  temperature  is  aligned  with  the  low  pressure 
region  (-AT) ,  and  one  in  which  the  high  temperature  and  low  pressure  ace  opposed  to 
each  other  (AT).  For  -AT,  or  pure  temperature  distortion,  it  is  shown  that,  as  the 
temperature  distortion  decreases,  larger  total  pressure  distortions  are  required  to 
stall  the  compression  system  until  a  pure  pressure  distortion  is  obtained.  If  the  tem¬ 
perature  distortion  is  then  located  in  the  opposite  side  of  the  inlet,  increasing  levels 
of  pressure  distortion  are  required  for  increasing  temperature  distortions.  A  second 
limit  line  is  observed  for  the  opposed  distortions.  For  a  pure  temperature  distortion, 
the  distortion  required  to  stall  the  engine  is  the  same  on  either  side  of  the  engine. 
There  Is  a  stall  region  to  the  right  of  this  point. 

The  refined  parallel  compressor  model  worked  well  when  airflow  was  determined  at 
the  leading  edge  of  the  compressor  first-stage  blades,  where  high  static  pressure  gradi¬ 
ents  exist.  The  experimental  validation  that  static  pressure  distortion  increases  expo¬ 
nentially  as  the  inlet  flow  approaches  the  compressor  face  (Refs.  20  and  21) ,  previously 
mentioned  in  this  section,  was  instrumental  in  explaining  lack  of  agreement  in  equivalent 
inlet  airflow  rate  between  experimental  data  and  the  analytical  model. 

CONCLUDING  REMARKS 

A  review  of  NASA  Lewis  experimental  and  analytical  experience  in  engine  response  to 
inlet  temperature  and  pressure  distortions  has  been  presented.  Highlights  of  this  work 
are  the  following: 


1.  pe vices  to  generate  inlet  temperature  and  pressure  distortion  patterns  have  been 
developed  and  used  successfully  in  conjunction  with  turbojet,  turbofan,  and  turboshaft 
engines. 


2.  Inlet  temperature  distortion  has  a  significant  effect  on  engine  stability. 

3.  The  engines  tested  were  less  tolerant  of  circumferential  temperature  distortion 
at  a  fixed  operating  condition  as  the  extent  of  the  distortion  increased. 

4.  Diametrically  opposed  temperature  distortion  sectors  had  less  effect  on  the  com¬ 
pression  system  than  single  distorted  sectors. 

5.  A  critical  temperature  distortion  level,  independent  of  temperature  rise  rate, 
had  to  be  reached  before  stall  occurred. 

6.  with  inlet  temperature  distortion  present,  stall  margin  decreased  as  the  Reynolds 
number  index  decreased. 

7.  The  location  of  the  engine-inlet  temperature  sensor  can  have  a  significant  effect 
on  response  to  inlet  temperature  distortion. 

8.  The  total  pressure  and  temperature  distortions  did  not  change  significantly  when 
traveling  from  the  source  that  produced  them  to  the  engine  inlet,  out  the  static  pressure 
distortion  increased  exponentially  from  the  source  to  the  engine  inlet. 

9.  The  compressor  dissipated  the  total  and  static  pressure  distortions  by  the  time 
the  flow  reached  the  compressor  exit.  However,  a  total  temperature  distortion  was  gen¬ 
erated  at  the  compressor  exit. 

10.  A  time-variant  distortion  pattern  rotating  in  the  opposite  direction  as  the 
compressor  rotation  increased  the  stall  margin,  while  a  distortion  rotating  in  the  same 
direction  decreased  the  stall  margin  relative  to  the  steady-state  condition.  The 
decrease  of  stall  margin  is  also  a  function  of  the  rotational  velocity  of  the  distortion 
as  a  fraction  of  the  rotor  speed. 

11.  In  general,  stall  could  be  achieved  more  easily  at  longer  pulse  durations  which 
correspond  to  lower  frequencies,  but  became  more  difficult  as  the  duration  decreased 
(i.e.,  higher  frequencies)  until  a  duration  was  reached  where  stall  could  not  be 
achieved. 

12.  Combined  pressure  and  temperature  distortion  patterns  were  used  to  generate  a 
distortion  sensitivity  map  which  could  be  used  as  a  guide  to  surge-free  engine  operation. 

13.  There  was  good  agreement  between  experimental  data  and  analytical  models  which 
were  developed  for  the  engines  investigated.  More  work  is  required  in  this  area  before 
generalized  models  are  available. 
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Figure  1.  -  Patterns  of  exhaust  ingestions  near  ground  (from  ref.  1>. 
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Figure  2.  *  Hydrogen-fueled  temperature  distortion  generator. 
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Figure  3.  -  Gaseous  hydrogen  burner  installed  in  altitud.  .  hamper 


Figure  a.  -  Typical  engine  Inlet  temperature  transients. 
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Figure  5.  -  Circumferential  variation  of  total  temperature  profiles. 
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figure  6.  -  Gaseous -hydrogen -fueled  burner  (quadrant  IV)  installation. 
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Figure  12.  -  Comparison  of  adjacent  and  nonadjacent  distorted  rones  for  a  turboshaft  engine 
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Figure  13.  -  Fan  inlet  temperature 
rise  as  a  function  of  temperature 
rise  rate. 
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Figure  14.  -  Typical  compressor  performance  map.  showing 
effects  of  mixed  and  unmixed  distorted  areas. 


(b)  Engine-inlet  Reynolds  number  index,  0.30. 

Figure  15.  -  Compressor  performance  with  18C?  extent  circum¬ 
ferential  distortion. 
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(d)  Air  jets  installed  in  engine -inlet  duct  (view  looking  downstream). 


Figure  ML  -  Concluded. 
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Figure  17.  -  Circumferential  variation  of  total  pressure  profiles. 
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Figure  18.  -  Effect  of  total  pressure  and  total  temperature  distortion  orientation  on 
static  pressure  distortion  along  inlet-duct  wall. 
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(bl  Nominal  low-spaed- rotor  speed,  8600  rpm. 
Figure  19.  -  Total  pressure  distortion  -  axial  variation  In 
amplitude. 


Figure  21.  -  Stall  boundary  as  tunction  ot  pulse  amplitude,  pulse 
duration,  and  distortion  extent. 
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INSTANTANEOUS  DISTORTION,  PERCENT  STEADY  STATE 

Figure  22.  -  Relation  between  steady-slate  and  time-variant 
components  of  inlet  flow  distortion. 
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Figure  23.  -  Distortion  sensitivity  at  engine  inlet. 
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Figure  25.  -  Comparison  of  measured  and  predicted  internal 
compressor  profiles  for  combined  pressure  and  tempera¬ 
ture  distortions. 
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Figure  24.  -  Comparison  of  model  and  expert-  Figure  26.  -  Predicted  swirl  of  total  pressure  and  tempera¬ 
mental  approach  angles  for  a  complex  flow  ture  distorted  (la#  passing  through  compressor  system, 

distortion. 
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(c)  Static  pressure 

Figure  27  -  Attenuation  of  distortion  by  com¬ 
pression  system  (or  combined  pressure  and 
temperature  in  let  distortion. 
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Figure  28.  -  Effect  of  relative  position  on  limiting  distor¬ 
tion  for  combined  pressure  and  temperature  distortions. 
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DISCUSSION 

H.I.H-Saravaiuunuttoo,  Ca 

Have  you  found  any  influence  of  engine  size  on  susceptibility  to  inlet  temperature  distortion?  In  particular,  are  small 
turboshafts  more  sensitive  to  this  problem? 

Author's  Reply 

NASA  had  only  subjected  one  turboshaft  engine  to  inlet  temperature  distortion.  However,  a  number  of  different 
turbofan  engines,  both  low-  and  high-bypass-ratio,  have  been  subjected  to  inlet  temperature  distortion  and  the  trends, 
particularly  with  regard  to  temperature  rise  to  cause  stall,  are  similar. 
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UNSTEADY  INLET  DISTORTION  CHARACTERISTICS  WITH  THE  B-IB 
by 

C.  J.  MacMtller 
H.  R.  Haagenson 
ROCKWELL  INTERNATIONAL 
NORTH  AK RICAN  AIRCRAFT  OPERATIONS 
P.O.  Box  92098 
Los  Angeles,  CA  90009 
USA 


SUfHARY 

An  extensive  wind  tunnel  and  flight  test  program  has  been  conducted  to  verify  Inlet  performance  and 
distortion  characteristics  on  the  B-IB  aircraft.  During  the  course  of  these  Investigations,  several 
unsteady,  total -pressure  disturbances  at  various  discrete  frequencies  were  encountered: 

1)  Inlet  duct  resonance  at  low  power  settings ;  t. 

2)  ECS  precooler  duct  resonance 

3)  Nose  gear  wake  Ingestion  . 

This  resulted  in  the  need  to  quantify  these  effects  and  assess  the  Impact  on  engine  stability  char¬ 
acteristics.  As  a  result,  engine  control  features  were  modified',  and  aircraft  configuration  changes  were 
Implemented.  Results  and  findings  of  these  Investigations  are  sinmnarlzed. 


SYMBOLS 


a 

angle  of  attack 

IDTH 

total  distortion  index,  high-pressure 

AIR 

aerodynamic  Interface  plane 

(compressor)  component,  combined  spatial 
and  planar  distortion  Index 

B 

superposition  factor 

INT 

Intermediate  power  setting 

P 

sideslip  angle 

K 

1,000 

c 

speed  of  sound 

KIAS 

knots  Indicated  airspeed 

d 

diameter 

L 

length 

* 

yaw  angle 

LG 

landing  gear 

ECS 

environmental  control 

M 

mach  number 

system 

AP 

pressure  differential 

f 

frequency 

FAVG 

engine  face  average  total 

P3G 

planar  pressure  pulse  generator 

pressure  (PT1 ) 

PK-PK 

peak  to  peak 

F00 

foreign  object  damage 

PLF 

power  for  level  flight 

IDC 

Inlet  distortion,  circumferential 

PSD 

power  spectral  density 

IDH 

Inlet  distortion  Index, 

PT1 

engine  face  average  total  pressure  (FAVG) 

hi gh-pressure  (compressor) 

component 

PTO 

freestrean  total  pressure 

I0L 

Inlet  distortion  Index, 
low-pressure  (fan) 

RAVG 

ring  average  total  pressure 

component 

RCS 

radar  cross  section 

IDP 

Index  of  planar  distortion 

RMIN 

ring  minimum  total  pressure 

10PH 

Index  of  planar  distortion, 
high-pressure  (compressor) 

RMS 

root  mean  Square 

component 

S 

Strouhal  number 

IDPL 

Index  of  planar  distortion. 

T 

temperature 

I  OR 

low-pressure  (fan)  component 

Nik 

engine  corrected  airflow 

Inlet  distortion,  radial 

IGV 

engine  Inlet  guide  vanes 

X 

organ  pipe  end  correction 

(sometimes  set  to  1 .Ad) 

IDTL 

total  distortion  Index,  low-pressure 

e 

sweep  angle  of  ramp  leading  edge 

(fan)  component,  combined  spatial 

and  planar  distortion  Index 

»N 

nacelle  station,  Inches 

t 
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IhTROOUCTlOM 


Stability  characteristics  of  current  high-performance  turbofan  engines  are  adversely  affected  by 
pressure  fluctuations  at  the  compressor  face.  One  class  of  random  pressure  variations,  frequently 
referred  to  as  Inlet-lnduceo  turbulence,  is  normally  present  In  the  flow.  Engine  stalls  nay  result  If 
sufficient  energy/flow  angularities  exist  at  frequencies  to  which  the  compression  system  may  respond. 
Qynanic  distortion  factors  are  used  to  correlate  these  types  of  pressure  variations  with  losses  In  engine 
surge  margin.  Critical  events  can  be  difficult  to  define  and  usually  require  stochastic  techniques. 
Correlations  between  the  resulting  spatial  distortion  characteristics  and  loss  in  surge  margin  have  been 
the  subject  of  considerable  resources  during  recent  decades  (References  1  and  2). 

Another  class  of  pressure  fluctuations  can  be  destabilizing  and  Is  attributed  to  the  occurrence  of 
one-dimensional,  unsteady-pressure  oscillations  at  the  compressor  face.  Inlet  buzz  during  supersonic 
operation  at  low  inlet  mass  flow  ratios  Is  one  classic  example  of  a  large-amplitude,  planar  wave  coupled 
with  spatial  distortion.  These  transients  are  generally  characterized  by  discrete  frequency  components 
and  thus  classified  deterministic.  Although  higher  frequency  components  are  present,  events  are  readily 
Identified. 

Reported  sources  of  planar  pressure  oscillations  include  both  Internally  and  externally  generated 
disturbances.  Internally-generated  disturbances  Include  flow  separation/reattachment,  turbulence,  buzz, 
unstart/restart  cycles,  Interaction  with  adjacent  engines  and  Inlets,  response  to  control  system  Inputs 
and  secondary  air  Inlet  designs.  Examples  of  externally  generated  disturbances  Include  armament  firing, 
atmospheric  gusts,  wakes  of  previous  aircraft,  external  explosions  and  ingestion  of  wakes  emanating  from 
forward  protuberances  -  landing  gear,  external  stores  and  pylons,  aerodynamic  surfaces,  and  weapon  bay 
doors  and  spoilers.  Methods  for  dealing  with  the  simultaneous  effects  of  planar  and  spatial 
total -pressure  fluctuations  are  not  well  understood. 

An  extensive  wind  tunnel  program  was  conducted  to  develop  the  B-1B  propulsion  system,  and  a  flight 
test  program  to  verify  operational  suitability  is  well  underway.  During  the  course  of  the  Investigations, 
numerous  Instances  were  encountered  where  discrete  frequency  components  were  evident  In  total  pressures  at 
the  engine  Inlet.  This  resulted  in  the  need  to  quantify  the  effects  and  assess  Impact  on  engine  stability 
characteristics.  As  a  result,  engine  control  features  were  modified,  and  aircraft  configuration  changes 
were  implemented.  Results  and  findings  of  these  Investigations,  including  wind  tunnel  and  flight  test 
comparisons,  are  sumarlzed. 


B-1B  PROPULSION  SYSTEM 


The  B-1 .  Figure  1,  Is  a  long-range  strategic  aircraft  operated  by  a  crew  of  four.  Distinctive 
features  relative  to  the  propulsion  system  are  variable  sweep  wings,  nose  gear  protuberances  forward  of 
the  Inlets,  external  stores,  structural  mode  control  vanes  and  weapon  bay  doors  and  spoilers.  The 
variable  wing  changes  the  wing  sweep  angle  from  15  to  67.5  degrees.  The  aft  sweep  position  (67.5  degrees) 
Is  used  at  high  speeds  and  during  low  altitude  penetration.  The  structural  mode  control  vanes  are  located 
on  the  lower  sides  of  the  forward  fuselage  and  vary  to  control  structural  bending  mode  oscillations  and  to 
provide  a  smoother  ride  quality. 


WEAPON  BAY  STRUCTURAL  MODE 

DOOR  AND  SPOILERS  CONTROL  VANES 


Figure  1.  B-1B  Air  Vehicle 


The  8-1  propulsion  system  consists  of  two  nacelles  mounted  under  the  fixed  portion  of  the  wing.  Each 
nacelle  contains  two  Seneral  Electric  afterburning  turbofan  engines,  and  separate,  Independent  Inlets  and 
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diffusers.  Inlets  ere  two-dlnenslonel ,  with  vertical  coeipresslon  reaps,  end  ere  located  eft  of  the  wing 
glove  leading  edge,  outboard  of  the  aircraft  centerline.  Forebody /wing  boundary  layer  air  Is  renoved  by  a 
gutter  located  between  the  nacelle  and  wing.  The  off-centerline  location  required  a  complete  flow  field 
Investigation  because  of  wing  flow  outwash  that  varied  with  angle  of  attack,  particularly  at  the  aft  wing 
sweep  position.  Nacelles  are  toed-in  1/2  degree  to  align  with  local  flow  at  noalnal  angles  of  attack. 

The  B-1B  Inlet  nacelle  Is  a  oodlflcatlon  of  the  B-1A  nacelle  and  not  a  coaplete  redesign.  A  drawing 
of  the  B-1B  Inlet,  illustrating  some  of  Its  unique  features.  Is  shown  In  Figure  2.  External  nacelle  mold 
lines  were  unchanged  from  the  B-1A  so  as  to  not  Impact  structural  attachments  and/or  landing  gear  and 
nacelle  clearances.  Internal  mold  lines  were  modified  with  gradual  bends  and  vanes  to  laprove  PCS 
characteristics.  The  region  in  the  center  of  the  nacelle,  which  housed  the  variable  ramps  and  actuators 
of  the  B-1A,  provided  the  space  for  the  bends  and  vanes.  Leading  edges  of  cowls  and  vanes  were  canted  15 
degrees  to  further  enhance  RCS  characteristics.  The  center  ramp  was  cut  back  41  degrees  to  reduce  planar 
pulse  amplitudes  and  to  reduce  RCS.  A  three-position,  movable  cowl  lip  Is  employed  to  laprove  takeoff  and 
low-speed  performance  and  distortion.  ECS  scoops,  Internal  to  the  Inlet,  precool  engine  bleed  air  above 
mach  0.5.  This  air  exhausts  between  engine  nozzles  at  the  rear  of  the  nacelle.  At  speeds  below  mach  0.5, 
precooler  air  Is  provided  through  separate  Inlets  located  outside  the  nacelle,  above  the  wing,  operating 
In  conjunctlon  wlth  a  blower.  Flapper  valves  are  used  to  prevent  blower  air  from  entering  the  main  Inlets, 


AERODYNAMIC  INTERFACE  PLANE  INSTRUMENTATION 


The  Inlet/engine  aerodynamic  Interface  plane  (AIP)  Is  the  Instrumentation  station  used  to  define 
total -pressure  recovery  and  distortion  Interfaces  between  the  Inlet  and  the  engine.  In  the  B-l  program, 
the  Interface  was  defined  at  the  leading  edge  of  the  engine  Inlet  guide  vanes  (IGV).  All  airflow  passing 
through  this  plane  enters  the  engine.  This  Instrumentation  station  was  used  throughout  the  Inlet 
development  and  verification  wind  tunnel  program,  during  engine  qualification  tests,  and  Is  being  used  In 
the  ongoing  flight  test  program. 

Eight  rakes,  each  with  five  probes  located  at  the  centroid  of  equal  annular  areas,  were  used  to 
measure  pressures.  Small  differences  in  angular  location  were  necessary  among  models  due  to  the  evolving 
nature  and  availability  of  particular  IGV  locations.  All  probes  In  the  resulting  40-probe  matrix  were 
designed  to  measure  both  the  steady-state  and  high-response  components  of  total  pressure.  Leading  edges 
of  probes  were  chamfered  to  minimize  sensitivity  to  flow  direction.  Distortion  components,  both  radial 
and  circumferential ,  were  computed  for  each  of  five  rings  from  eight  total -pressure  measurements  on  each 
ring. 


A  photograph  of  the  AIP  Instrumentation  used  during  0.2-scale  wind  tunnel  testing  is  shown  In  Figure 
3.  To  maintain  required  frequency  response,  miniature  high-response  transducers  were  physically  located 
at  the  AIP.  Signals  were  high-pass  filtered  (A.C.  coupled)  to  maintain  accuracy  over  a  wide  range  of 
pressure  levels.  'These  same  dual-purpose  probes  provided  a  sensed  location  for  the  low-response  (steady 
state)  pressure  measurements  with  larger,  more  accurate  transducers.  These  transducers  were  located 
remotely  In  an  environmentally-controlled  area.  A  flow-control  valve  was  located  as  close  as  possible  to 
the  AIP.  During  most  tunnel  operating  conditions,  airflow  through  this  valve  was  choked,  providing  a 
reflection  plane  to  simulate  Inlet  acoustic  properties. 

Flight  test  AIP  Instrumentation  Is  also  shown  In  Figure  3.  High-response  transducers  were  Installed 
Integrally  with  selected  IGV's.  With  appropriate  signal  conditioning,  measurements  of  steady-state  and 
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high-response  outputs  were  recorded  separately  fro*  the  same  transducer.  An  Inflight  calibration  system 
was  used  to  autoeiatlcally  provide  a  zero  and  a  one-point  pressure  calibration  throughout  the  flight  at 
one-minute  Intervals.  Generally,  experience  has  shown  good  agreement  between  wind  tunnel  and  flight  test 
results  (Reference  3).  The  relatively  snail  differences  In  AIR  Instrumentation  aatrlces  and  signal 
conditioning  system  between  wind  tunnel  and  flight  test  produced  only  second-order  effects  on  measured 
Inlet  distortion  characteristics. 


WIND  TUNNEL  FLIGHT  TEST 


Figure  3.  Aerodynamic  Interface  Plane  Instrumentation 


DISTORTION  ASSESSMENT  PROCEDURES 


Distortion  methodology  Is  defined  as  the  set  of  procedures  used  to  specify  numerical  values  of 
spatial  and  planar  total -pressure  components  at  the  selected  measurement  plane.  Distortion  descriptors 
are  calculated  from  the  spatial  and  time-dependent  distribution  of  total  pressures  at  the  aerodynamic 
Interface  plane  and  are  based  on  measurements  from  the  40  total -pressure  probes  defined  In  the  previous 
section.  They  are  used  to  define  Inlet  spatial  distortion  characteristics  with  a  time  duration  of 
sufficient  length  to  affect  engine  stability.  Additionally,  they  are  used  to  describe  amplitudes  and 
frequency  variations  In  the  spatially-averaged  pressure  time  histories,  sometimes  referred  to  as  planar 
distortion.  Variations  occurring  at  discrete  frequencies  are  "book-kept"  as  planar  distortion  and  may 
also  contribute  to  engine  Instabilities.  Accurate  measurement  of  these  frequency  components  depends  on 
the  simulated  engine  face  acting  as  an  acoustic  reflection  plane. 

Spatial  distortion  factors  were  generated  In  accordance  with  the  procedures  defined  In  Reference  1. 
With  the  8  x  5  Instrumentation  array,  circumferential  and  radial  distortion  components  for  each  of  the 
five  rings  are  computed  according  to  the  following  relationships: 


CIRCUMFERENTIAL 


RADIAL 


RAVG-RMIN 

I  DC  ■  - 

FAVG 


FAVG-RAVG 

IDR  *  - 

FAVG 


Ring  components  can  be  combined  In  various  ways  to  define  overall  engfne  face  descriptors.  Radial 
distortion  components  located  In  the  outer  diameters  are  frequently  refer.'ed  to  as  ‘tip  radlals",  radial 
components  located  In  the  Inner  diameter  are  referred  to  as  "hub  radlals".  Distortion  components  are 
coaq>uted  from  high-response  total -pressure  signals  filtered  to  the  critical  engine  frequency  and  digitally 
sampled  at  rates  sufficiently  high  to  retain  wave  form.  Resulting  envelopes,  encompassing  all 
combinations  of  circumferential  and  radial  distortion  components,  are  used  to  describe  distortion 

characteristics  for  a  particular  operating  condition  and/or  Inlet  geometry  and  are  Illustrated  In  Figure 

4.  By  Imposing  estimated  engine  limits  on  this  same  grid,  a  particular  distortion  pattern  can  be 

Identified  that  consumes  more  stall  margin  than  any  other  point  and  can  be  used  to  characterize  spatial 

distortion  for  that  particular  data  point.  Estimated  engine  limits  for  a  particular  operating  condition 
can  also  be  used  to  normalize  measured  distortion  levels  and  thus  provide  convenient  Indices,  IDL  and  IDN, 
whose  values  are  unity  when  measured  distortion  equals  engine  distortion  allocations.  These  procedures 
can  be  applied  separately  to  both  the  fan  and  compressor  to  gain  Insight  on  the  controlling  engine  module. 


(PT1/PT0)  AVERAGE 
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Figure  4.  Distortion  Assessment  Procedures 


Planar  distortion  components  on  the  B-1B  were  measured  during  wind  tunnel  tests  by  routing  all  40 
high-response  AIP  signals  to  a  summing  circuit  and  outputting  the  numerical  average.  Power  spectral 
densities  (PSD)  of  the  resulting  analog  signal  were  used  to  Identify  the  presence  of  discrete  frequency 
components  and  the  magnitude  of  the  energy  contained  within  each  frequency  band:  Initial  estimates  on 
sensitivity  to  planar  distortion  were  based  on  extrapolations  from  FI 01  fan/P3G  testing  completed  In  1973 
(Reference  4).  A  PSO  of  a  signal  containing  multi  frequency  planar  distortion  components  Is  Illustrated  in 
Figure  4.  An  Index  of  planar  distortion  (1DP)  Is  generated  by  normalizing  measured  energy  to  estimated 
limits.  When  more  than  one  discrete  frequency  component  exists.  Individual  contributions  are  sunmed 
linearly  to  obtain  the  total  Index. 

Above  assessments  of  planar  distortion  are  based  on  two  assumptions.  One,  that  planar  distortion  Is 
transferred  without  dlmlnlshment  by  the  fan;  and  two,  the  fan  and  compressor  planar  distortion 
sensitivities  are  similar.  Data  supporting  these  assumptions  are  sparse,  but  It  Is  logical  to  expect  that 
at  high  levels  of  IDP,  at  some  frequencies,  fan  or  compressor  Instabilities  can  result  even  In  the  absence 
of  spatial  distortion.  When  planar  distortion  Is  Imposed  on  spatial  distortion.  It  follows  that  allowable 
spatial  distortion  Is  therefore  decreased.  Again,  data  supporting  this  premise  are  essentially 
nonexistent. 

Screening  procedures  used  on  B-1B  wind  tunnel  and  flight  test  data  assume  that  spatial  and  planar 
distortion  Indexes  add  linearly  (B  *  1.0)  to  provide  a  combined  measure  of  Inlet  distortion. 

FAR  COMPRESSOR 

IDTL  -101+8  (10PL)  IDTH  -  IDH  +  B  (IDPH) 

In  subsequent  sections,  these  Indexes  are  used  as  an  Initial  step  In  assessing  B-1B  Inlet/engine 
compatibility.  They  provide  useful  tools  to  screen  a  large  number  of  data  points  to  Identify  potential 
areas  of  concern  and  to  quantify  Incremental  differences  among  a  host  of  configuration  and  operating 
variables.  Distortion  characteristics  that  survive  Initial  screening  procedures  are  subject  to  more 
detailed  analysis.  These  may  Include  transient  runs  with  engine  dynamic  simulations,  stability  stack-ups 
more  tailored  to  the  particular  configuration  and  operating  procedures,  and  statistical  assessment 
procedures  to  put  potential  problems  In  perspective  and  suggest  design  alternatives. 


IHTERWALLY-6EWERATED  DISTURBANCES 


Two  sources  of  Inlet-generated  disturbances  encountered  during  the  development  of  the  B-1B  propulsion 
system  are  discussed.  In  one  case,  local  flow  separation  occurred  along  the  external  Inlet  ramp  surface 
and  resulted  In  duct  resonance  during  low-power  engine  operation  at  leeward  sideslip.  In  another  case,  an 
ECS  scoop,  located  within  the  Inlet  to  precool  engine  bleed  air,  resonated  under  "no  flow*  conditions,  and 
resulting  disturbances  were  recorded  with  high-response,  total -pressure  Instnreentatlon  located  at  the 
aerodynamic  Interface  plane.  Both  Instances  were  characterized  by  a  coupling  between  discrete  frequency 
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components  and  spatial  distortion  components  normally  present  in  the  flow.  Although  engine  response  to 
this  coupling  Is  not  well  understood,  a  need  to  evaluate  Inlet-to-englne  compatibility  in  the  presence  of 
combined  planar  and  spatial  distortion  was  clearly  Identified. 


INLET  DUCT  RESONANCE 

Low-airflow  planar  distortion  Is  caused  by  local  flow  separation  and  reattachment  along  the  ramp 
surface  forward  of  the  cowl  during  leeward  sideslip  as  shown  In  Figure  5.  Separation  and  reattachment 
cycles  occur  at  the  11  Hertz  closed-end  organ  pipe  frequency  of  the  inlet  duct  measured  to  the  acoustic 
Interface  of  the  engine.  Circular  flow  patterns  shown  on  the  sketch  were  evident  from  nil-dot  flow 
patterns  measured  In  wind  tunnel  tests. 


Figure  b.  Local  Flow  Separation  on  Inlet  Ramp  During  Off-Design  Operation  at  Low-Airflow 


Local  ramp  separation  at  low  airflows  and  leeward  sideslip  Is  due  to  a  highly  adverse  pressure 
gradient  forward  of  the  cowl  lip  station  Interacting  with  boundary  layer  along  the  forward  ramp  surface. 
As  leeward  sideslip  Increases,  the  flow  expands  around  the  ramp  leading  edge,  then  decelerates  rapidly  to 
the  Inlet  station.  Local  ramp  pressures  decrease  near  the  leading  edge  which  allow  boundary  layer 
thickness  to  Increase  prior  to  entering  the  high-pressure-gradient  region.  The  process  Is  similar, 
although  at  much  lower  amplitudes,  to  buzz  at  supersonic  speeds  caused  by  shock  wave  and  boundary  layer 
Interactions.  Horizontal  ramp  inlets  experience  this  phenomena  at  low  or  negative  angles  of  attack; 
vertical  ramp  Inlets  at  leeward  sideslip. 


Representative  distortion  characteristics  recorded  during  wind  tunnel  tests  at  mach  0.85  with  the 
outboard  Inlet  are  shown  In  Figure  6.  The  model  was  positioned  at  nine-degrees  angle  of  attack  and  five 
degrees  sideslip.  Flow  field  measurements  Identified  that  local  outwash,  generated  by  the  fuselage  and 
wing  combination.  Increases  proportionately  with  angle  of  attack.  Angle  of  attack  and  sideslip  thus  act 
In  concert  to  orient  the  outboard  ramp  leeward  and  produce  the  distortion  characteristics  shown  as  a 
function  of  engine  corrected  airflow. 


CORRECTED  AIRFLOW,  LB/SEC 

Figure  6.  Spatial  Distortion  Characteristics 


Circumferential  distortion  Is  the  predominant 
spatial  component,  although  both  components  Increase 
almost  proportionately  with  corrected  airflow.  Flight 
test  results  generally  confirm  wind  tunnel  results. 
Time  histories  of  the  average  of  the  40  Individual  A1P 
signals  indicate  that  In  addition  to  these  spatial 
distortion  components,  the  flow,  at  this  off-design 
condition.  Is  experiencing  a  one-dimensional  oscil¬ 
lation  about  a  mean,  and  peak-to-peak  amplitudes  of 
this  combined  signal  can  be  used  as  a  figure  of 
merit.  One  example  at  low  corrected  airflow  Is  shown 
In  Figure  7.  Power  spectral  densities  Identify  the 
presence  of  discrete  frequency  components  with  a 
fundamental  frequency  of  60  Hertz  (0.2-scale) .  This 
frequency  corresponds  well  with  organ  pipe  theory,  f  ■ 
c/[4(l  ♦  X)],  where  the  characteristic  dimension  Is 
controlled  by  the  distance  between  the  average  cowl 
leading  edge  and  the  AIP.  The  presence  of  odd- 
numbered  harmonics  Is  consistent  with  closed-end  organ 
pipe  theory. 
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Figure  7.  Planar  Distortion  Characteristics 


Magnitudes  of  these  planar  waves  are  strong  functions  of  several  Independent  parameters  -  geometry, 
corrected  airflow,  attitude  and  mach  number.  The  ramp  serves  as  a  separation  plane  to  maintain 
inlet-to-lnlet  independence.  However,  tests  were  conducted  to  measure  the  effectiveness  of  increasing 
the  sweep  angle  of  the  ramp  leading  edge  in  an  attempt  to  eliminate,  or  at  least  minimize,  the  source  of 
the  flow  separation.  This  proved  to  be  an  effective  technique  to  reduce  the  magnitude  of  the  planar 
wave.  Variations  of  peak-to-peak  amplitudes  for  two  leading  edge  sweep  angles  are  shown  as  a  function  of 
corrected  flow  In  Figure  8.  During  off-design  operation  at  mach  0.85,  at  airflows  corresponding  to 
operation  at  IDLE  power,  increasing  the  sweep  angle  from  zero  to  41  degrees  reduced  the  amplitude  of  the 
planar  wave  by  almost  50  percent.  No  evidence  of  disturbances  at  the  AIP  in  the  adjacent  inlet  was 
detected.  Subsequent  testing  at  other  mach  numbers  and  maneuver  conditions  verified  that  inlet-to-inlet 
independence  could  be  maintained  with  the  cut-back  ramp. 


Figure  6.  Effect  of  Ramp  Leading  Edge  Sweep  on  Planar  Wave  Amplitude 


Tests  showed  that  the  magnitude  of  the  planar  wave  was  sensitive  to  roach  number,  airflow  and 
attitude  as  Illustrated  for  the  outboard  Inlet  In  Figure  9.  At  normal  cruise  attitudes,  where  the  degree 
of  outwash  is  small,  planar  amplitudes  remain  below  two  percent  throughout  the  mach  range.  As  local 
outwash  Is  increased,  by  operation  at  combinations  of  angles  of  attack  and  sideslip,  sensitivities  to 
roach  number  Increase  markedly,  and  at  sonic  conditions,  amplitudes  can  approach  12  to  15  percent  of 
freestream  total  pressure.  At  high  subsonic  mach  numbers,  amplitudes  of  these  planar  waves  can  be 
reduced  by  almost  50  percent  by  Increasing  flight  idle  airflows  to  rates  corresponding  to  90  percent  core 
corrected  speed.  This  feature  is  sometimes  referred  to  as  "idle-speed  lockup”. 
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Figure  9.  Planar  Have  Amplitude  Characteristics  With  Outboard  Inlet 


Good  agreement  In  both  magnitude  and  frequency  of  planar  distortion  were  obtained  between  wind 
tunnel  and  flight  test  results.  One  example  Is  shown  In  Figure  10,  comparing  time  histories  of 
comparable  signals  during  leeward  operation  ct  mach  0.85  and  airflows  corresponding  to  IDLE  power. 
Peak-to-peak  amplitudes  of  ten  percent  were  measured  directly  with  both  the  airplane  and  the  0.2-scale 
wind  tunnel  model.  And  frequencies  scaled  directly  with  Strouhal  number,  S  *  fl//f,  resulting  In  a 
full-scale  frequency  of  12  Hertz,  well  within  the  frequency  range  to  which  engines  respond. 
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Figure  10.  Mind  Tunnel/Flight  Test  Comparison  of  Planar  Distortion, 
Mach  0.85,  Outboard  Inlet,  W1R  »  164  lb/sec 


Ramp  separation  and  the  associated  planar  distortion  component  are  thus  shown  to  he  fundamental  1/  a 
loo-airflow  phenomenon.  Fortunately,  spatial  distortion  components  are  directly  proportional  to  alrf ou 
and  are  typically  less  than  four  percent  at  Idle  airflow.  At  first  glance,  one  would  expect  this  to  be 
compensatory;  however,  engine  tolerance  to  spatial  distortion  can  be  strong  functions  of  engine  corrected 
airflow  and  compression  system  rotational  speeds.  In  fact,  the  need  to  accelerate  the  engine  during 
periods  of  thermal  mismatches  between  the  engine  case  and  rotor,  as,  for  example,  during  a  throttle 
bodle,  can  be  one  of  the  more  difficult  hurdles  for  Inlet/engine  stability  assessments.  Complexities  of 
assessing  the  Impact  of  adding  a  planar  distortion  component  make  It  that  much  harder. 

Using  a  simplifying  assumption  that  superposition  factors  defining  the  relationship  between  planar 
and  spatial  distortion  components  are  unity,  assessments  were  conducted  over  a  range  of  airflows,  mach 
numbers,  and  angles  of  attack  and  sideslip  using  data  recorded  during  wind  tunnel  tests  with  the 
0.2-scale  inlet  verification  model.  Because  engine  sensitivity  is  also  a  function  of  altitude, 
conditions  were  evaluated  at  altitude  extremes  for  each  mach  nuafcer,  and  for  both  fan  and  compressor 
engine  modules. 

Typical  results  are  Illustrated  in  Figure  11  during  operation  at  mach  0.8$.  Maneuver  conditions  are 
Identified  where  engine  stability  margin  allocations  to  the  Inlet  are  fully  utilized.  In  an  adverse 
combination  of  events,  where  throttle  transients  are  performed  on  deteriorated  engines  with  worst  case 
engine  control  tolerances,  occasional  engine  stalls  would  be  anticipated  during  operation  outside  the 
maneuver  envelopes  shown.  In  most  cases,  stability  limits  for  the  compressor  are  reached  before  margin 
runs  out  on  the  fan.  Limiting  maneuver  conditions  at  negative  yaw  (positive  sideslip)  represent 
limitations  of  the  No.  1  Inlet  (left-hand,  outboard).  Mirror  Images  of  these  limitations,  shown  at 
positive  yaw  (negative  sideslip)  represent  operation  of  the  No.  4  Inlet  (right-hand,  outboard). 

Occasional  instabilities  would  be  predicted  for  both  outboard  Inlets  during  operation  at  angles  of  attack 
above  the  Intersection  of  these  lines. 


HIGH  ALTITUDE 
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Historically,  one  objective  of  good  Inlet/engine  design  Is  to  maintain  stall-free  engine  operation 
under  fleet  conditions  throughout  the  anticipated  flight  and  maneuver  envelopes.  To  achieve  this 
objective  with  the  B-1I/F101 ,  the  foregoing  methodology  and  analytes  Indicate  that  within  portions  of  the 
flight  envelope,  engine  corrected  airflow  should  be  maintained  above  21U  lb/sec.  Conseguently.  an  idle 
speed  lock-up  feature  was  Incorporated  and  Is  Implemented  by  a  manual  switch  located  In  the  crew 
station.  When  activated,  one  switch  controls  all  four  engines  and  limits  core  operation  to  90  percent 
corrected  speed.  Thrust  modulation  with  this  setting  Is  adequate  to  weft  all  aircraft  requirements  in 
all  atmospheres.  Temporary  handbook  Instructions  currently  require  activation  of  this  mode  of  operation 
above  42S  (IAS  or  mach  0.9,  whichever  Is  less.  Ongoing  flight  test  evaluations  of  this  system  will  help 
to  determine  the  need,  and  If  need  be,  suggest  potential  means  of  automating  implementation 


AIMIUAAT  AIR  INLET 

Auxiliary  air  Inlets  can  be  another  source  of  Internally  generated  disturbances.  A  scoop  Is 
Insulted  on  the  ramp  stde  of  each  I-1S  Inlet  to  precool  ECS  bleed  air.  During  ground  and  low  speed 
operation,  when  inlet  pressure  Is  lower  than  aafelent,  a  hydraulically-driven  blower  supplies  outside  air 
to  the  heat  exchanger.  A  flapper  doer,  InsUlled  In  the  coaon  duct  connecting  these  sources  of  cooling 
air.  Is  closed  to  prevent  reverse  flow  during  blower  operation.  Air  Is  exhausted  aft  through  exits 
located  between  engine  nonles  to  reduce  base  drag.  At  mach  0.5,  pressure  In  the  Inlet  duct  Is 
sufficiently  above  aamient  pressure  to  service  the  heat  exchanger.  The  blower  It  shut  off  and  the 
flapper  door  opens  allowing  air  to  flow  throu^i  the  scoop  Inlet. 


am? 
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The  design  end  relative  location  of  the  ECS  precooler  Inlet  assembly  Is  shown  In  Figure  12.  The 
scoop  Is  located  Just  above  the  duct  centerline  and  extends  four  Inches  Into  the  Inlet.  The  scoop  had  to 
be  redesigned  to  acconilste  the  redesign  of  the  basic  8-1B  Inlet.  Advantage  was  taken  of  this 
opportunity  to  reshape  the  scoop  cowl  lip  and  external  sold  line  to  nlnlnlze  external  flow  separation 
under  "no  flow*  conditions.  The  scoop  thus  acts  as  a  resonator  (closed  organ  pipe)  with  the  controlling 
volume  located  between  the  leading  edge  and  the  flapper  valve.  Since  the  flapper  door  Is  self-positioned 
by  air  loads,  resonance  can  lead  to  structural  damage,  particularly  during  operation  close  to  the 
transition  point  when  the  pressure  differential  across  the  door  Is  shall.  Because  of  the  low  duct 
pressure,  engine  FOO  can  result,  and  during  the  Initial  B-1B  flight  test  prograa,  several  Instances  were 
attributed  to  structural  failure  within  this  system. 


Figure  12.  ECS  Precooler  Assembly 


High-response  pressure  transducers  located  Just  upstream  of  the  flapper  door  In  the  aircraft 
Identified  duct  resonance  at  frequencies  corresponding  to  a  closed-end  organ  pipe.  During  static 
operation  on  the  ground  at  aaxlhua  engine  airflow,  power  spectral  densities.  Figure  13,  identified  a 
fundamental  frequency  at  77  Hertz  as  well  as  the  presence  of  several  harmonics.  RMS  amplitudes  were 
approximately  2.4  psf.  Similar  results  were  obtained  with  the  0.2-scale  Inlet  model.  Although 
amplitudes  were  smaller,  discrete  components  were  measured  at  scaled  frequencies,  and  a  program  was 
Initiated  to  eliminate  and/or  reduce  the  magnitude  of  these  oscillations. 

M  =  0  UP  40° 

WIR  -  MAXIMUM 


Figure  13.  Resonance  Characteristics  In  ECS  Scoop  Inlet 


Two  areas  of  concern  were  addressee.  One  was  to  explore  potential  configuration  changes  to  eliminate 
the  disturbance,  and  the  other  was  to  ensure  that  changes  had  no  adverse  liapact  on  engine  stability.  Wind 
tunnel  results  showed  that  disturbances  propagated  both  upstream  and  downstream  In  the  duct  as  shown  In 
Figure  14.  Spatial  measurements  at  the  aerodynamic  Interface  plane  showed  that  a  majority  of  the  probes 
registered  discrete  frequency  components ,  and  could  thus  Induce  planar  distortion  components.  Probes 
located  on  the  same  side  as  the  ECS  scoop  contained  more  energy  at  discrete  frequencies.  While 
frequencies  were  generally  beyond  the  engine  62. S  Hertz  cut-off  frequency  corresponding  to  "one  per  rev" 
(300  Hertz  at  0.2  scale),  configuration  changes  could  alter  downstream  frequency  components.  Impact 
spatial  distortion  characteristics,  and  affect  engine  stability. 
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Figure  14.  Acoustic  Resonance  Propagation  From  ECS  Scoop  Inlet 


Tests  were  conducted  In  a  Rockwell  static  facility  with  the  0.2-scale  Inlet  model.  Several  concepts 
were  Investigated  to  reduce  or  eliminate  duct  resonance.  One  concept  consisted  of  changing  the  valve 
design  to  "leak"  reverse  flow  back  through  the  scoop.  By  restricting  the  leakage  flow  rate,  penalties  on 
heat  exchanger  performance  could  be  minimized.  Another  concept  consisted  of  a  bypass  arrangement  designed 
to  provide  continuous  airflow  through  the  scoop  to  reduce  acoustic  amplitudes.  Yet  another  concept 
consisted  of  designing  a  resonator  charter  upstream  of  the  valve  to  attenuate  specific  frequencies. 

Test  results  with  the  reverse-flow  concept  are  shown  In  Figure  15.  Power  spectral  densities 
generated  from  a  high-response,  static-pressure  transducer  located  dose  to  the  valve  are  shown  for  three 
valve  positions.  Although  discrete-frequency  components  are  evident  for  all  valve  settings,  total  energy 
under  the  curve  -  a  measure  of  peak-to-peak  amplitude  -  decreases  rapidly  with  Increased  flow  area.  With 
an  area  equivalent  to  2.0  square  Inches  full  scale,  total  energy  Is  reduced  by  approximately  two  orders  of 
magnitude.  Similar  results  were  obtained  with  the  bypass  and  resonator  configurations.  As  a  result  of 
this  experience,  subsequently  confirmed  with  full-scale  tests,  the  B-1B  production  redesign  Incorporates  a 
snubber  and  a  leakage  area  of  two  square  Inches.  No  problems  have  been  encountered  upon  Incorporation  of 
these  changes. 


EXTERNAILY-6ENERATED  UISTURBANCES 


Several  sources  of  externally  generated  disturbances  were  also  encountered  during  the  development  of 
the  B-ll.  Generally,  these  disturbances  can  be  traced  to  wakes  and  vortices  shed  from  external  surfaces. 
It  Is  not  unusual  for  these  disturbances  to  contain  discrete-frequency  components.  For  example, 
structural  mode  control  (SMC)  vanes  are  located  on  the  lower  forward  fuselage.  Sinusoidal  deflections  of 
these  vanes  are  designed  to  attenuate  relative  structural  motion  between  the  crew  station  and  the  aircraft 
center  of  gravity  and  thus  provide  good  ride  qualities.  Under  certain  maneuver  conditions,  vortices 
generated  by  these  surfaces  can  be  Ingested  by  the  Inlet,  (hiring  the  B-1A  program,  a  considerable  effort, 
including  full-scale  Inlet/engine  tests,  was  conducted  to  verify  atrframe/englne  compatibility  during 
operation  of  this  system,  and  results  are  well  documented  In  Reference  5. 

Nose  gear  wake  Ingestion  Is  another  source  of  externally  generated  disturbances.  Flight  test 
Investigations  with  the  B-l  configurations  have  shown  that  nose  gear  wakes  do  contain  discrete  frequency 
components.  Identifying  another  need  to  assess  engine  stability  characteristics  with  combined  planar  and 
spatial  distortion  components.  Based  on  assessments  derived  from  extensive  wind  tunnel  tests  and  limited 
engine  response  characteristics,  a  movable  cowl  lip  was  Incorporated  In  the  B-l  Inlet  design.  Cowl  lip 
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ingle  Is  held  In  one  of  three  positions,  40,  10  or  0  degrees,  end  Is  scheduled  is  i  function  of  geir 
position  end  mach  number  as  shown  In  Figure  16.  Sood  performance  ind  acceptable  distortion 
characteristics  during  takeoff  and  low-speed  operation  result,  and  drag  Is  minimized  during  high-speed 
flight. 


0.2  SCALE  MODEL 
M  =  0 

WIR  =  MAX 


ECS  2.9  lh|2 


Figure  15.  Effect  of  Reverse  Flow  on  Acoustic  amplitude  In  ECS  Scoop 
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Figure  16.  Cowl  Lip  Schedule 


Limits  that  define  regions  of  acceptable  lip  operation  are  also  shown.  The  distortion  limit  was 
derived  from  wind  tunnel  data  and  defines  regions  where  combined  spatial  and  planar  distortion  levels 
remain  within  engine  allocations.  The  limit  shown  for  drag  Is  somewhat  arbitrary.  Drag  Increases  with 
Increasing  lip  angle  and/or  mach  number  and  eventually  becomes  excessive.  Operation  at  mach  numbers  and 
Up  angle  combinations  greater  than  this  limit  art  avoided  to  minimize  impact  on  specific  fuel  consumption 
during  Important  mission  conditions. 
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Switching  among  the  40-,  1 0- .  and  O-degree  cowl  lip  settings  Is  based  on  flight  aach  n oncer  and 
landing  gear  position.  The  40-degree  lip  setting  is  used  for  takeoff  and  all  flight  conditions  where  the 
landing  gear  Is  down  and  the  nose  gear  wake  could  enter  the  Inlet.  The  10-degree  lip  position  Is  used 
above  aach  0.3S  after  the  landing  gear  Is  raised.  This  position  Maintains  Inlet  distortion  levels  within 
engine  allocations  for  flight  maneuvers  up  to  mach  0.65.  The  fully  closed,  O-degree  position  Is  used  for 
high-speed  operation  above  mach  0.65  where  drag  Is  critical.  The  cowl  lip  reopens  as  flight  speed  is 
reduced  and/or  the  landing  gear  Is  lowered.  An  Increment  of  0.03  In  mach  number  Is  used  to  separate 
opening  and  closing  signals  to  provide  a  positive  control  Input  In  both  directions. 

Circumferential  distortion  characteristics  derived  from  high-response  AIP  signals  during  wind  tunnel 
tests  are  shown  in  Figure  17  as  a  function  of  mach  number  and  cowl  lip  angle  at  maximum  engine  corrected 
airflow.  Both  parameters  have  a  profound  Impact  on  spatial  distortion  levels,  and  this  Is  attributed  to 
local  flow  separation  on  the  cutback  cowl  lip.  Large  expansion  turning  angles  between  the  stagnation 
streamline  and  local  cowl  mold  line  occur  In  this  region  at  high  Inlet  mass  flow  ratios.  Levels  are 
aggravated  by  sideslip  In  the  direction  making  the  Inlet  windward;  l.e.,  nose  left  sideslip  for  Inlets  2 
and  4,  and  nose  right  sideslip  for  Inlets  1  and  3.  Spatial  distortion  levels  measured  during  flight  tests 
agree  well  with  wind  tunnel  results  as  shown  for  selected  configurations  and  mach  numbers. 


With  the  gear  extended,  planar  distortion  components  were  also  evident  In  the  flow.  Variations  In 
peak-to-peafc  amplitudes  of  the  average  engine  face  total  pressure  are  shown  In  Figure  18  as  a  function  of 
freestream  mach  number.  The  amplitude  Is  Independent  of  lip  position  and  Is  essentially  eliminated  by 
retracting  the  gear.  Peak-to-peak  amplitudes  of  approximately  five  percent  were  measured  In  the  wind 
tunnel  at  mach  0.35.  Amplitudes  recorded  during  flight  tests  at  comparable  conditions  approached  seven 
percent.  Differences  are  attributed  to  atmospheric  uncertainties  during  flight  test  and  to  problems 
encountered  In  accurately  simulating  complex  landing  gear  structure  In  small  scale  models.  Discrete 
frequency  components  were  evident  In  power  spectral  densities  generated  with  these  signals  at  all 
airflows.  With  flight  test  data,  the  fundamental  frequency  was  18  Hertz  at  mach  0.4,  Increasing  to  28 
Hertz  at  mach  D.6. 

Sideslip  transients  with  the  gear  extended  were  conducted  during  flight  at  mach  0.4  at  an  altitude  of 
10,000  feet.  Resulting  spatial  and  planar  distortion  characteristics  are  shown  In  Figure  19  for  both 
Inlets  In  the  left-hand  nacelle.  As  sideslip  Is  Increased  to  positive  angles,  evidence  of  nose  gear  wake 
Ingestion  Is  Indicated  Initially  In  the  Inboard  Inlets  as  expected.  Planar  coavonents  maximized  at  a 
sideslip  angle  of  approximately  six  degrees  and  then  diminished  at  higher  sideslip  angles  as  the  wake 

moved  outboard  of  the  nacelle.  The  Impact  of  higher  planar  components  In  the  outboard  inlet  Is  partially 

offset  by  lower  spatial  components. 

Differences  In  flight  test  distortion  characteristics  between  extended  and  retracted  gear  positions 
during  operation  at  5,000  feet,  mach  0.35,  are  shown  In  Figure  20.  With  the  gear  up,  the  cowl  lip  Is  at 
10  degrees,  and  with  the  gear  down,  the  cowl  lip  is  at  40  degrees.  Angle  of  attack  varies  between  5.5  and 
7  degrees,  and  engine  airflow  Is  maximum  at  356  lb/sec.  Extending  the  gear  Introduces  a  planar  component 
with  a  peak-to-peak  amplitude  of  0.069.  Circumferential  distortion  never  exceeds  tight  percent,  and  the 
low-pressure  defect  appears  In  the  upper  cowl-side  portion  of  the  engine  face.  On  the  other  hand, 
retracting  the  gear  eliminates  the  planar  component,  and  decreasing  the  cowl  lip  angle  to  10  degrees 

Increases  circumferential  distortion  to  approximately  11  percent.  Nore  radial  distortion  Is  evident,  and 

the  low  pressure  defect  Is  located  In  the  lower  cowl -tide  quadrant.  Operating  the  cowl  lip  at  40  depeet 
when  the  gear  Is  down  thus  results  In  additional  margin  to  accomodate  potential  Ingestion  of  planar 
components. 
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MACH  NUMBER 


Figure  18.  Effect  of  Ge«r  Woke  Ingestion  on  Planar  Distortion 
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FLIGHT  TEST  DATA 
M  0.4/10K  FT 


Figure  19.  Nose  tear  Woke  Ingestion  During  Sideslip  Operation 


Wind  tunnel  end  flight  test  distortion  cherocterlstlcs  ire  coopered  In  Figure  21.  Test  conditions 
■ere  it  ooch  0.4,  lending  geer  extended,  with  the  elrcreft  I node I )  at  9  to  10  degrees  sideslip  end  noolnel 
angle  of  atteck.  Engine  airflow  ms  Mxlaua  at  approxloetely  360  lb/sec.  Differences  In  several 
distortion  paraaeters  are  swarlzed  In  the  table  end  are  believed  to  be  representative  of  the  differences 
one  should  expect  Men  coopering  dynamic  output  of  dynamic  events. 
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Figure  20.  Effect  of  bear  Position  on  Inboard  Inlet  Distortion 


Figure  21.  Wind  Tunnel/Fl Ight  Test  Comparison  of  Nose  Bear  Wake  Effects 


CQNClUPIWft  ItjjjgS 

Engine  response  to  cognations  of  planar  and  spatial  total -pressure  distortion  components  Is  not 
■ell  understood.  Tat  their  consequences  can  be  substantial,  both  In  terms  of  engine  stability  and 
structural  fatigue  criteria.  The  most  obvious  solution  Is,  of  course,  to  eliminate  the  source  of  the 
disturbances.  If  this  Is  not  consistent  irlth  sound  engineering  practices,  trades  must  be  conducted  to 
find  cost-effective  solutions. 

Several  sources  of  unsteady,  one-dimensional  pressure  oscillations  have  been  characterized  ulth  the 
b-ll  program.  Trends  are  sumMrlied  In  Figure  22  and  Indicate  that  aircraft  generated  peak -to- peak 
amplitudes  generally  decrease  as  frequency  Increases.  This  Is  contrasted  to  estimated  engine  trends  uhere 
one  aright  aspect  mere  tolerance  to  amplitude  at  higher  frequencies. 
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Figure  22.  B-1B  Planar  Distortion  Sumary 


Frequencies  of  planar  components  are  generally  configuration  dependent.  In  cases  where  the  source  Is 
duct  resonance,  good  correlations  exist  between  acoustic  theory  and  test  results.  If  wind  tunnel  models 
contain  an  acoustic  reflection  plane  close  to  the  simulated  engine  face,  frequencies  can  be  scaled 
accurately  at  constant  Strouhal  number,  fL/VT.  In  the  B-1B  Inlet  development  wind  tunnel  program,  flow 
control  vanes,  located  Just  aft  of  the  aerodynamic  interface  plane,  were  operated  choked  over  most 
conditions  and  provided  this  function. 

In  cases  where  the  source  is  attributed  to  the  ingestion  of  wakes  or  vortices  shed  by  forward 
protuberances,  frequencies  are  difficult  to  predict.  Accurate  simulation  of  the  protuberance  In  the  wind 
tunnel  model  Is  necessary  to  obtain  reasonable  correlations  with  flight  test  results.  Peak-to-peak 
amplitudes  measured  with  the  flight  test  aircraft  were  generally  higher  than  magnitudes  measured  with  the 
0.2-scale  model .  fmpl  Itudes  can  be  strong  functions  of  freestream  mach  number. 

Several  design  features  were  Incorporated  In  the  B-1B  propulsion  system  as  a  result  of  planar 
distortion  considerations.  The  Inlet  ramp  was  cut  back  to  reduce  flow  separation  along  the  lower  ramp 
surface  and  significantly  reduced  planar  amplitudes.  An  Idle  speed  lockup  control  was  Incorporated  to 
limit  flight  Idle  operation  to  airflows  corresponding  to  90  percent  corrected  core  speeds.  This  function 
Is  currently  controlled  with  a  cockpit  switch  and  Is  Implemented  during  operation  at  high  speeds  and 
freestream  dynamic  pressures.  Planar  distortion  components  contributed  to  the  decision  to  Incorporate  a 
three-position  cowl  lip  design.  This  control  assures  that  the  Inlet  lip  Is  In  the  most  open  position  when 
the  landing  gear  Is  extended.  The  flapper  door  separating  the  ECS  precooler  scoop  located  In  the  Inlet 
from  the  ground  blower  circuit  was  redesigned  to  reduce  discrete  frequency  components  and  relax  structural 
fatigue  criteria. 

Many  of  these  features  are  being  evaluated  In  the  ongoing  flight  test  program,  and  no  compatibility 
problems  have  been  encountered.  But  the  fact  remains  that  flight  test  programs  do  not  provide  much 
Insist  on  losses  In  stall  pressure  ratio,  and  the  real  measure  of  success  In  a  compatibility  program 
occurs  only  after  thousands  of  hours  of  operation  have  been  accumulated  by  the  fleet.  To  really 
understand  engine  response  to  these  disturbances,  a  well -constructed  program  to  explore  sensitivities  to 
planar  components  operating  In  conjunction  with  various  coablnatlons  of  radial  and  circumferential  spatial 
distortion  components  Is  needed.  Frequency  content  of  most  of  these  disturbances  falls  well  within  the 
range  of  computational  fluid  dynamics  technology.  Combining  this  analytical  approach  with  a  systematic 
test  program  to  measure  affects  on  current  turbofan  engines  sounds  like  a  logical  next  step.  Benefits  on 
future  aircraft  designs  and  operational  procedures  could  be  substantial. 
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DETERMINATION  EXPERIMENT ALE  DES  LOIS  DE  TRANSFERT  DE  PERTURBATIONS 
A  LA  TRAVERSEE  D'UN  COMPRESSEUR  AXIAL  * 


par  Jacques  HUARD 

Office  National  d* Etudes  et  de  Recherches  A§rospatiales 
BP  72  -  92322  ChAtillon  Cedex  (France) 


RESUME 


L' alimentation  des  ooteurs  peut  presenter  des  h£ tyrog£n6 lt£s  trds 
importances  dans  certaines  configurations  de  vol  des  avions  de  combat  modernes  ou 
lors  de  vent  lateral*  Un  des  problAmes  pos§s  au  motorlste  concerne  done  l'Atude 
de  la  sensibility  du  compresseur  A  la  distorsion  de  l'€coulement  incident. 

N£anmoin9,  la  prise  en  corapte  de  tous  les  aspects  du  probi&me  th§orique 
ne  peut  guAre  s'envlsager  qu’A  trAs  longue  £ch§ance.  La  solution  classlque 
retenue  A  l'ONERA  pour  tralter  ce  problAme,  consiste  A  modgliser  les  grilles  par 
des  disques  od  les  caractCristiques  de  l'Acoulement  subissent  des  disconti¬ 
nuity  ;  les  grandeurs  sltuSes  de  part  et  d' autre  de  ce  diBque  sont  alors  relives 
par  des  "lois  de  transfert".  Ces  lois  non  accessibles  actuellement  par  le  calcul 
ne  peuvent  Atre  dytenninAes  que  par  1* intermgdlaire  d’une  analyse  expArlmentale 
dAtalll&e.  A  cet  effet  un  banc  d’essai  a  6t€  dAfini  pour  Atudier  la  propagation 
de  la  distorsion  de  l'Acoulement  A  la  traversGe  d'un  6tage  de  compresseur  axial. 
En  amont  de  la  roue  mobile  on  g£n£re  une  perturbation  sinusoldale  de  press  ion 
d'arrtt  d' amplitude  50  X  de  la  presslon  dynamlque.  On  Atudle  la  transmission  de 
celle-ci  dans  l'Atage,  et  l’on  propose  des  formules  de  corrglation  expfiri- 
mentales. 


EXPERIMENTAL  DETERMINATION  OF  THE  TRANSFER  FUNCTION  OF  AN  AXIAL  COMPRESSOR 
TO  DISTORTED  INLET  FLOW 


ABSTRACT 


Many  aircraft  flight  configurations  can  create  difficult  operating 
conditions  for  the  engines  ;  these  problems  are  related  to  air  Inlet  disturbances 
which  often  result  in  a  substantial  decrease  in  the  compressor  surge  margin.  It 
Is  now  known  that  the  performance  and  operational  stability  of  axial  compressors 
are  sensitive  to  nonuniformities  in  the  inlet  section. 

In  these  conditions,  it  appeared  necessary  to  develop  a  more  complete 
numerical  model.  The  classical  solution  retained  at  the  Office,  consists  in 

representing  the  rotating  or  fixed  blade  rows  by  a  model  similar  to  a  semi¬ 

actuator  disk.  The  aerothermodynamlc  values  of  the  flow  located  upstream  and 
downstream  of  the  disk,  are  linked  by  transfer  functions,  lne  numerical  analysis 
being  not  able  to  determine  these  laws.  A  experimental  detained  analysis  has 
been  used.  At  this  effect,  an  experimental  test  facility  designed  for  basic 
research  on  the  transmission  of  an  Inlet  distortion  through  a  single  stage  axial 
flow  compressor  has  been  realised.  Upstream  of  the  rotor  a  distorsion  of  total 
pressure  is  obtained  by  means  of  a  variable  permeability  screen.  This  pertur¬ 
bation  induces  a  quasi  sinusoidal  distribution  of  total  pressure.  The  level  of 

his  amplitude  is  about  50  pour  cent  of  dynamic  pressure.  The  transmission  of 

perturbation.  Is  studied  In  the  stage  and  experimental  correlations  are 
proposed. 


Travail  effectuA  sous  contrat  DRET 
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1  -  INTRODUCTION 

La  ditermination  expirimentale  de  la  loi  de  transfert  d'une  dlatorsion  statlonnaire  3  travera 
la  roue  mobile  d'un  compresseur  axial  nicessite  les  conditions  essentielles  suivantes  : 

-  l'icoulement  dans  le  compresseur  en  1* absence  de  distorsion  doit  6tre  aussi  uniforme  que 
possible  afin  que  les  effets  de  la  distorsion  puissent  itre  clairement  mis  en  ividence  ; 

-  la  perturbation  laposie  3  l'entrie  du  coopresseur  doit  &tre  tr8s  simple  afin  que  sa  defor¬ 
mation  3  travers  la  roue  pulsse  Stre  analysie  sans  amblgulti. 

Mais  mime  si  ces  deux  conditions  sont  rialisies,  et  nous  montrerons  cl-dessous  que  c'est 
possible,  11  reste  3  s' assurer  que  les  points  homologues  amont  et  aval  que  l1 on  utilise  pour  l’itude  de 
la  transmission  d'une  perturbation  correspondent  bien  3  la  m2me  ligne  de  courant  en  icoulement  relatif. 

C'est  la  technique  expirimentale  permettant  de  satisfalre  ces  trois  conditions  que  nous  allons 
dicrlre  et  nous  allons  oontrer  qu'il  est  alors  possible  de  determiner  des  lois  emplrlques  de  transfert 
s'appliquant  aux  deux  grandeurs  : 

-  angle  de  sortie  de  1' icoulement  en  axes  relatif s, 

-  pertee  3  la  travereie  de  la  roue  mobile, 

pour  lesquelles  11  n'exlste  pas  actuelleoent  de  thiorie  permettant  de  les  ivaluer. 

Ce  n'est  qu'apris  avoir  itabll  un  certain  nombre  de  lois  de  transfert  du  type  de  celul  que  nous 
proposons  cl-dessous  qu'il  sera  possible  de  connaltre  les  formules  3  lntrodulre  dans  les  calculs  d'fcou- 
lements  non  uniformes  dans  les  compresseurs. 

2  -  COMPRESSEUR  A  ECOULEMENT  UNI FORME 


L'itude  airodynamlque  de  l'icoulement  dans  un  compresseur  axial  montre  que  seuls  les 
compresseurs  dits  3  circulation  constante  lndulsent  un  icoulement  3  vitesse  axiale  uni  forme  en  amont 
comae  3  l’aval  de  la  roue. 

En  effet,  3  ce  type  de  compresseur,  au  fonctionnement  au  dibit  de  calcui,  l'accroissement 
d'enthalpie  est  independent  du  rayon  et,  aux  effets  de  la  variation  radiale  du  rendement  prds,  la 
pression  d’arrit  est  igaleaent  constante  ou  senslblement  constante  le  long  du  rayon  (fig.  1  :  schema  du 
montage) . 


Dans  ces  conditions  les  lignes  de  courant  en  icoulement  relatif  sont  lnscrites  sur  des 
cylindre9  coaxlaux  3  la  velne  et  un  point  aval  homologue  d'un  point  amont  se  trouve  au  mime  rayon  que 
celul-ci,  avec  a  implement  un  liger  diplaceaent  azimutal. 

Ceci  reste  vrai  en  fluide  riel,  du  moins  dans  toute  la  partle  salne  de  l' icoulement , 
c'est-3-dire  situie  en  dehors  des  zones  d'icoulements  secondaires  Unities  au  volslnage  dee  carters 
externe  et  interne. 


Afin  de  determiner  le  point  de  mature  aval  homologue  d’un  point  amont  on  a  ut Iliad  un  traceur 
chimique,  mi Lange  d* azote  et  de  gaz  carbonlque  inject!  en  amont  de  la  roue  mobile.  Avec  un  analyseur  de 
gaz  claaaique  11  eat  possible  de  retrouver  en  aval  de  la  roue  mobile  le  point  ofl  la  concentration  en  gaz 
carbonlque  eat  maximal*  :  ce  sera  le  point  homologue  du  point  d' Injection. 

La  figure  2  represent*  le  diplacement  radial  dea  ligne*  de  courant  :  diplacfes  vers  la  pirt- 
phirle  aux  grands  dibits  (0  -  0,57  et  0  ■  0,614)  ou  vera  le  baa  pour  un  dibit  proche  du  dicrochag* 
(0  *  0,40)  lea  lignes  de  courant  restent  senslblement  cylindrlques  dans  un  riglme  intermidiair* , 
(0  *  0,48)  sauf  ivldemment  au  volslnage  des  deux  parols  de  la  velne. 


Evidemment  en  mime  temps  qu«  les  llgnea  de  courant  ae  dfiplacent  radlalement,  el lea  se  dfcplacent 
aussi  latGraleaent  ce  qui  rend  encore  plus  difficile  de  repArer  les  points  homologues. 

Ce  diplaceiaent  lateral,  nul  en  aaont  de  la  roue  aoblle  on  Bcoulement  homogAne  se  compose  (Tun 
dfiplaceaent  correspondant  1  la  traverste  de  la  roue  aoblle  pour  lequel  nous  proposons  la  foraule 
eaplrlque  : 


AC  c  f/  .A  t£i  ) 

if  ^  (  ft  *  -*+r<  ' 


g 

A 


est  la  corde 
le  rayon 

1' angle  aoyen  de  calage 

1 ' angle  d’entrAe  de  l'tcoulement  en  axes  relatlfs 


le  coefficient  local  de  dAblt  ^  ^ 

et  d'un  dfplaceaent  aval  46.  dlrecteaent  proport  lonne  1  A  la  distance  ^  du  plan  de  aesure  au  plan  de 
fulte  de  I'nube  • 

^  4  b  °u 

TT  A  9 

La  figure  3  aontre  que  le  dAplacenent  global  mesurA  expdr  Imentalement  est  blen  represent# 

par  la  formule  '• 

A&  =  + 


Fig.  2.  DC  PLACEMENT  RADIAL  DCS  UCNKS  DC  ClM'RANT 
A  LA  THAVCRSCC  P '  DUE  ROUP.  NUBILE 
{ A 1 lmen  t at  1 on  WomogAne ) 


Fig.  3.  DEPLACEHENT  LATERAL  DCS  LICMES  ClUTRAffT 
A  LA  TRAVERSEE  DC  LA  ROUE  NOBILE 
(AXES  RELAX  IPS) 


3  DiSPosiTir  de  perturbation  de  l ■  ccouLii«irr  anowt 

L  'Icoulmnt  Koao|lnf  non  perturb#  povtanl  #tre  comldErf  malntenant  co*e  blen  connu,  nous 
pouvon*  Btudler  la  perturbation  qul  donnera  ll*u  A  uiw  distortion  de  l ' Bcou lement . 

P'apfA*  lea  print  I pes  AnnncAa  dans  l * i nt r odur t I  on  cette  perturbation  dolt  Atre 


ausal  simple  iju*  possible. 


'est  A  dire  pro<he  d'une  perturbation  sinusoidal#  A  uit*  pdrlode. 


Fig.  4.  EC  RAN  DF  DISTORSION  Fig.  *•  REPARTITION  AZIMUTALE  DE  LA  PRESSION 

D’ ARRET.  MESURES  EFFECTUEES  ENTRE  L'ECRAN  DE 
DISTORSION  ET  LA  ROUE  MOBILE  (plan  3) 


-  DESCRIPTION  DE  l.  /  ECOULEMENT  A  L' ENTREE  DE  LA  ROl'E  JfOBIlE 

Du  fait  de  la  perturbation  de  I'tcouleaent  a«ont  ll  y  a  une  reorganisation  des  vltesses  et 
Induction  de  gradient*  de  preaaton  atatlque. 

l-a  figure  b  represent*  lea  relev*s  effectuts  dans  le  plan  3  aitut  lmstdlatement  en  amont  de  la 
r.u,  ..HI,  <*/*  '  ■  0,14)  (prealon  d’arrtc  ,  preaalon  atatlque,  angle  absolu  de  la  vltesse  o^_  ) 

•  Inal  qu«  1' angle  de  la  vlteaae  relative  avtc  la  direction  axlale. 

On  remarque  que  1' angle  de  la  vlteaae  relative  avec  la  direction  axlale,  ou  si  on  veut  1' inci¬ 
dence  de  1 ’ tcou leae nt  aur  1  >a  profile,  varle  de  7  k  8*  pendant  un  cycle  (fig.  7). 

Noua  avona  pu  tgalement  representer  la  variation  de  1'angle  en  fonctlon  de  @  par  une 

•trie  de  Fourier  t ronqute  :  f 

-  s 

fi4  s  fi4  +  ^  H  ^  **  *  * ) 

•*  I 


Ilaitte  1  aea  cinq  preaiere  ter®ea.  et  le  tableau  II  donne  la  valeur  dea  pa  rant  t  res  a'n  et  b’n. 
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Fig.  6.  REPARTITION  AZIMUTALE  DES  CARACTERISTIQUES  AERODYNAM IQUES 
DE  L'ECOULEMENT  EN  AMONT  DE  LA  ROUE  MOBILE 
(plan  3) 

TABLEAU  II 


05/ 
0  48 

0.40 


Decomposition  de  Fourier 
de  I 'angle  d'attaque  en  axes  relatifs 


Fig.  7.  ANALYSE  HARMONIQUE  DE  L' EVOLUTION  AZIMUTALE 
DE  L’ ANGLE  D'ATTAQUE  DES  PROFILS  EN  MOUVEMENT 
RELATIF  A  MI-HAUTEUR  DE  VEINE 


a  i  -  -  3,365 
a/2  »  0,556 
a'j  -  0,1459 
a'4  -  -  0,0339 
a#5  -  -  0,0656 


b  i  -  -  1,189 
b' 2  -  0,4858 
b#3  -  0,0030 
b\  -  -  0,12135 
b\  -  0,100 


On  remarquera  qu'lcl  encore  la  fondamentale  1'emporte  largement  sur  les  hansoniques  et  on  peut 
dire  que  oSine  pour  une  perturbation  de  forte  amplitude  A  I'amont  de  la  roue  les  phenom^nes  restent 
llnealres. 

5  -  DESCRIPTION  DE  L ' ECOULEMENT  A  LA  SORTIE  DE  LA  ROUE  MOBILE 

II  n'en  est  plus  de  m6me  A  la  sortie  de  la  roue  mobile  qui  apparemaent  indult  des  non-  linta- 
rit6s.  Comae  nous  I'avons  vu  cl-dessus  11  est  possible  de  falre  I'hypothAse  que  les  llgnes  de  courant 
sont  concentr6es  sur  un  cylindre. 

On  volt  cependant  sur  la  figure  8  qu'aucun  des  paraadtres  de  l'icoulement  aval  presslon 
d’arrRt,  presslon  statique,  angle  absolu  ou  angle  relatlf  n'l  une  Evolution  sinusoldale  A  une  ptrlode 
dans  le  plan  aval. 


Fig.  8.  REPARTITION  AZIMUTALE  DES  CARACTERISTIQUES  DE  L'ECOULEHENT 
EN  AVAL  DE  LA  ROUE  MOBILE 
(plan  4) 


m  volt  «ur  lu  figure  9  que  l 'on  peut  encore  reprCsenter  revolution  aelautale  de  la  preaalon 
«m  i  ‘  ja  Mve  1  oppewent  de  Fourier  A  5  harannlquea  aala  coaae  le  aontre  le  tableau  III  la  fondaaen- 

•  •»  la  prealAre  hi.  raon i que  sont  preponderant** •  (La  presslon  d'arrtt  aval  est  adlaeosionnt*  par 

M*4 


L 


11  rat  poaalbla  da  dldulr*  valaura  Hiurlti  «n  aval  4m  la  roua  aobl  la  plan  4  Vlt  *  ♦  0,19) 

alia*  qua  1  ’ -*n  aural  t  tu  dan*  1#  plan  da  full*  da«  aubaa  an  ddpla^ant  tlaplaatnl  laa  ailauti  au  aoytn  da 

la  fa  l  at  l  •  >n 

-f  °tjL 


WiDCUSATirHi  IX  rnSCT  lOMIIMBVT  I  NSTATKdMMAlftC  Ut  ROTOR 

t.o  appllquant  la  prlaantla  dans  Ira  chapltraa  prltldcnt*  II  »at  poaalbla  d’ubtanlr,  an 

rallant  -nfr»  *ui  laa  point*  So^ologua*  *anni  at  aval,  laa  ojrclaa  rrprAaant  at  1  ( a  du  f  one  t  1  onnaaant  inata 
*  1  *>nna  I  t»  dr  la  r**.»r  aobllr. 

141 laa  ton 

A'«a»  prAamt  pouf  )•  dibit  1*  p)»«  dlvannl  da  la  > ara* tlr tat tqu*  (0  -  0.W)  laa  .  y<  laa 

•  •** a nua  iHuf  iaa  Iraq  Hip>a  anal/*#**  a  >r  laa  Mguraa  1/  I  !  A 

4«>u»  *»>n*  Agdlaamt  port  A  au r  tiaqu*  llgura  la  rlponaa  da  la  »upt  c  nfiilulrt*  an  Irou learnt 
gdna  *•  fir*  nt  It#  trail*  m  ’  app  l  1  quant  au« -in  ratard  dfl  I  i  1  It  abl  1  itfwni  du  |>bl  nualn*  m 
prut  «*at«vat  .  nl  Itant  *4  r  I'll  i«>r  aqua  ir*  -f  tat  a  dynaalqura  *ont  Important*  'fig  14  at  '  ,  qua  laa 

ll’flrantaa  ir«n  ».a*  4t>  ■  y*  la  aont  dl*  a  1  la*  *a  I  *  pa  rail#)  a*  A  la  rlponaa  atatlonnalra  da  la  r  r«i«a  *ob  I  1  * 

a  jr.  i  <•»  aura'  w  •  -  *  f irar"  *»%  li  'i»lrt*n>  tilt  I  rug#  o*  .  raprlaantl  par  in*  r»l*  *ur  la* 

’  •  a » *  ,*■  *!••»#  *Uf  i*  'mV  la  •  »r  ♦  aapundant  I  la  rlponaa  *t«*  l'inn*l  f»  du  it  or  "n  tlralaga  d  in 

lag  * 1  a*  to*  I  a"  Ir  *  »  •  rw  *pp«  r  *  f  *  pou  f  'an*  a#fc  |  a  V*  «  mi  pa  •  Mill  *u  anri  f  1  got  a  *■  <>•)  la*  #<  <»n  1  aaa  fit  * 

•  a  •  .rvlt  «  J  f  a*  1  n#  ;  '  •*  n*  ii#  *i.f  4#  * 


'ant#  d*  *>4#.  !*»'  •  r#po*»*r  da  «  I'm*  W>  t-  !  a  a.i  'afta'lt  'Mkpta  da*  *i|#»  I  |>l»a  I 

>  Maui  «  »*i  |.i**i>r*  ■  pj.  f  •  *  !  ••  *  '  ►«*  in**  *»•••**  qua  »«i  p<  it  v  a  1  *  1<  fit* 

fi.  A'  »  '*4  a  #  •*  bt  *“  # 


(*•  /*• 

*1  fli  t  jf  ft.  M, 


-  *  a  I  •  •  a  •  *• 


if* 


A/:  ;*/•  y*/<  *»srf.-A,4£A 

*■  ir  i  AA'  A,  ■ 

'  i  4*  1 


*  •-  ’* 


$, ,  u«  V  *±i 

f  •.*.*>*  '  -;M4 


4  4t  4  **  '  *  f  A  <*•*) 


,K  «>  A~  a  ,  i 


A  ‘ 


Wi4/* 

Jr  -  V# 

*  .  a  Inal  v*AI  I  <  rl*  aao!  pa**  t  la 


i  *•»*  ■*•**•#  •«-  »  *■  •— *  a*  f  *  ga*  • 

,Hl  .a  .  t  .■  af  f  v.  I  •*•  m*  -*apa  *  a  I  •<-»>  *aa>  la*  •  ft  lat  bfuta  a*  p4  f  1  **m  au  • 

*•>•  •*•*  >  i  -,t*  .  *  •  *•'*!#  a*  hm  1  *  •*♦  *  *•'*«  i  a**  #  *♦•  *ig  l*i  1  '  ••  IA>  *>r  aqua  ■  a  a 

g«*o4*  pi-u*  **  .wpa*  a  ■*  i  •  •  I  a  ■  t  I  gu»  *•  4  a »  «pp|v*lla*t  In*  Mg  1  **?*•  •l»l»<*a 

1  a*  #••(*•  *»  •*#•  *t<  #4*n)  |  M#  *  *  •"  dag  #  I 


*  «* 


17-8 


Remarque  :  on  turtle  pu  tgalement 
la  dirlvic  de 


essayer  de  gdndrallser  lea  relations  de  type  "relaxation"  oil  Intervlent 


51 

50 


Angle  relatif  *  la  tortta  an  degrts 

Dibit  =  0.57 
r/R  -  0.96 


Diphaeage  0  deg 


41 

48t 


Angle  relatif  4  I'entrie  en  degri* 


49 

48 

47 

46 

45 

44 


Diphatage  :  0  degr 

Dibit  =  0.57 


Angle  relatif  4  I'entrie  en  degris 


54  56  56  57  58  59  60  61  62  63  64 


52  53  54  55  56  57  58  59  60  61  62 


Pig.  12.  CYCLE  DES  DEVIATIONS  EN  ECOULEHENT 
HETBROCENE 


Pig.  13.  CYCLE  DES  DEVIATIONS  EN  ECOULEMENT 
HETEROGENE 


:! 


Angle  relatif  4  la  sortie  en  de^it 

Dibit  -  0.57 
f/R  =  0.84 


41  . 


40- 


*  Homogin# 
H4t*og4ne 

-  -  Mod# nation 


39. 


Angle  reletif  4  I’entrie  en  degrit 


50  51  5?  53  54  56  56  5  7  58  50  60 


Diphatage  :  0  deg. 


Angle  relatif  4  I’entrte  en  degrts 


47  46  49  50  51  52  53  54  55  56  57 


Pig.  14.  CYCLE  OES  DEVIATIONS  EN  ECOULEHENT 
HETEROGENE 


Pig.  15.  CYCLE  DES  DEVIATIONS  EN  ECOULEMENT 
HETEROGENE 


32  j 
31  * 
JO  • 
29- 


Ang*  '«letif  *  (a  tor  lie  «n  degrit 


041*  i  0.57 
1  R  0.70 


Dtphetage  0  dag 


Homogtm 

Htltroftne 

Mod#  net  ion  • 

Angle  retetif  4  I'entrie  en  degrts 


45  46  4  7  48  49  50  51  5?  53  54 


Pig.  16.  CYCLE  DES  DEVIATIONS  EN  ECOULEMENT  HETEROGENE 


•ala  nett*  formulation  nA.eaalte  I ’ I nt roduc 1 1  on  d’una  constant*  qut  n#  parmat  plus  de  reprt- 
aanter  rurrei  lesenl  l’ilal  etatlonnalr#  (  r^Jft  mo). 


I.  ’  Squat  I  on  de  lernouilll  gdndraltsd*  e*#crll  en  eouvenent  relatif  al  I*  on  conslddre  le  fluid# 
parfalt  e(  lm  ueprtul  bl«,  l  net  at  1  onna  1  re  dans  on  <  anal  Interauto  IT  : 


Cette  relation  peut  se  aettre  aoua  la  forae  sulvante  an  expllcitant  les  teraea  de  flux  ; 

Lea  triangles  de  viteaae  aaont  et  aval  fournleaant  1'expresslon  dea  vlteaaea  relatives  : 

on  peut  faire  apparaltre  l’accrolaaeaent  thdorlque  de  preaalon  d'arrlt  abaolu  : 

r (*'*-*’* J 

Les  pertea  (cant  obtenuea  par  difference  avec  1 'accroleeeaent  de  preaalon  exptrlmsntsl . 

Le  btlan  d'dnerglc  exprlat  par  la  relation  cl-dessus  aontre  qu'au  tense  "d’ Euler"  vleni 
a'ajouter  un  terae  dO  I  la  contribution  "lnatat lonna 1  re"  de  1 ' Icou leaent .  Pour  estlaer  cettc  contribution 
dana  cheque  canal  lnteraube,  la  connalaaance  du  cheap  de  viteaae  trldlaenslonnel  eat  ind lspensablr .  Kn 
(couleaent  hdtdrogdne  un  soodage  atatlonnalre  de  part  et  d’eutre  de  la  roue  aoblle  ne  peraet  pas  d'avotr 
seeds  aux  pertea.  Seule  une  lnatruaentat ion  de  type  sonde  4  court  testpe  de  rdponse  (capteur  Kulite)  donne 
seeds  1  la  assure  de  la  perte  de  preaalon  d'arrtt  dans  les  atllagea  ou  encore,  la  vtloc lad trie  laser  qul 
donne  le  prof IV  dea  vlteaaea  dana  lea  atllagee  peraet  de  dtterainer  l'Spslsseur  de  perte  de  quantlt#  de 
aouveaent  qul  eat  dlrecteaent  roport ionnel le  aux  pertea*  Toutefola,  plus  facile  de  alse  en  oeuvre,  les 
aeaurea  atat lonna I res  effectule*  I  I ’side  d’une  i ns t ruaen tst ion  claaalque  peuvent  donner  d t  )i  dee  Indi¬ 
cations  lnttressantes. 

Nous  avona  tent!  de  aoddilser  cette  contribution  lnatat lonnsl re  due  A  Is  vsrlstton  d’tnvrgl* 
cindtlque  relative  dana  le  canal  lnteraube  de  plusieura  felons  : 

1)  en  se  donnsnt  coaae  viteaae  relative,  celle  d'entrde  auyenntc  aur  un  pas  de  canal 

2)  an  prensnt  en  aaont  et  en  aval  la  vltesse  relative  ao>  nn#v  coaae  prdcddeaaent ,  celle  «•  I 
variant  llndatraaent  le  long  d'un  c«rul  ; 

3)  en  ae  donnant  une  rdpartltlon  de  viteaae  relative  qu!  tvolur  de  Is  atar  aentdr*  qu*  Is  gdo- 
adtrl**  dea  profl la  (aoddl fast  Ion  type  Adeacryk)  . 

4)  enfln  un  noddle  oO  la  viteaae  relative  varle  d'une  asnldr*  bt  Unfalrr  dan*  le  .anal 
lnteraube. 

Lee  aoddles  1,  2  et  4  donnent  sens  i  bi  vavnt  la  afar  faportancr  eu*  effete  Inat s I  I »*nne free  9o«ia 
ne  prdst  .*l«runa  paa  de  rdajltats  obtenus  A  l'aide  du  aoddle  3  celul-cl  cxagdratit  lea  «Het«  du«  4  I'hdtd 
rogdndlt#  de  l 'dcouleaent . 

Lea  effeta  lnatat  lonna  t  res  ddcrlts  par  lea  dlffdrvnt*  audllci  aont  prteentt*  pout  Is  <-%»ope 
central#  (  -  0,114)  du  dibit  Milaa  (I  •  0,}f)  (fig.  17)-  l.'tvolutlon  sclamtsle  dee  pertea  eat 

prisentie  da  qua t re  aantdrea.  Les  pertea  cslcullti  par  difference  entre  I ' see rul aseaent  thdorlque  de 

preaalon  donnd  par  le  terve  d'  Ruler-  et  l'accroieseaent  expdrlaental  aseurd  ;  le  terae  tnstat ionnel re 
•  t  sot  ndglltd.  Ensulte  on  prdaente  un#  est last  Ion  globs le  dea  pertea  en  aoddlleant  1*  terae  dfl  A  I'hAtt 
rogdndltd  de  troia  faqons  dlffdrentea,  on  rnurqu*  qua  lea  trola  aodAlaa  eaployfa  donnent  aeita  I  b  leaent  Is 
aAae  allure  at  le  adae  niveau  da  partes.  Four  «e  point  de  tone t  lonnaaent  du  coaprvaseut  le  rotor  eat 

at  taqud  da  part  at  d'autra  da  1'opdaua  evac  un*  incidence  variant  de  4,4  A  ♦  2,#»  degrAa,  lea  effet* 

dynealquaa  aont  laportsnts  et  la  contribution  tnatst lonnsl rm  peut  reprdeenter  Juaqul  lOo  t  dea  perte* 

A vs  lodes  p#r  le  t  hdordae  d' Ruler. 

L'dvolutlon  sslautele  dea  pertea  estlai  A  l'ald*  du  audit*  I  t  recta  a  vac  Involution  sitautsle 
da  I'angle  d'sttsqu*  das  prof  1  Is  an  aooveaent  ralsttf  aontre  (fig-  IK)  qu'tl  taut  eppllquer  un  ddpheeag* 
d’enviroa  (O  deg ft*  »ur  lee  ports*-  Le  cycle  nbtrnu  en  credent  ('angle  d'stteque  en  function  dee  parte* 
en  appllquant  c#  ddphaaage  constant  aaable  roMtrnt  svec  revolution  das  partas  at  at  1  onne  1  res  (fig-  19) 
Las  partas  saablent  plus  lapoitentas  pour  las  incidence#  negatives  lattaque  de*  profits  eur  1  *»at redo# 
0  K  li°*)  tout  ce  pasee  coaae  at,  an  plus  du  ddcolleaent  d'intredos,  1 'dcouleaent  n’avalt  pas  encore 

recoil!  l’estrsdoe  La  cycle  coaaenca  au  point  le  plue  haut *  t’attsqu*  euf  1‘estrsdos  eat  asstau*.  las 
partes  sunt  aaxtaelaa,  i'sngle  d’attaque  vs  augaenter  Juequ'A  atteindrv  se  valeur  optlaale  environ 

V  -'^grda,  las  parts*  dlalnoent,  alls*  aont  alniaelea,  l*  prufli  eat  slurs  recoil#  jusqu’l  un  angle 

4  ’  rn.rlr  de  M  degrts  oO  l'eatrados  coaae nc*  A  ddcoller.  Dene  le  son*  de  §4  >  U  ‘  tee  perte# 

reetent  NUlbletsnt  ronstentee,  1' eat  redos  ne  recoil#  pes,  lee  parte#  voot  mm*  augaentvr  quend 
l’lnt redo#  va  A  eon  tour  ddcoller-  Lea  divers  nodi  las  anployds  pour  quantifier  lea  -flats  Insist lonna I r*a 
■one  rant  llaportsnc*  de  ceux-cf.  Toutafoi#  lea  rdsultata  prdsentda  deaandent  co  treat  ion.  C'est  pour 

'  •* te  raison  qua  l'dtepe  sulvanc#  de  cette  Atude  constate  en  Is  else  en  oeuvre  d'un#  Inst ruawntet Ion 
peraet tent  1' seeds  aux  drouleaeate  lnteraube*. 
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INTRODUCTION 


l*-2 

1  . 

The  deal  |n  ai®  of  Advanced  turbo  jet  engine*  and  Intakes  is  to  achieve  good  In¬ 
stalled  performance  for  all  power  settings  across  the  aircraft  flight  envelope.  This 
requires  high  intake  and  engine  performance  and  also  sufficient  intake/engine  compatibi¬ 
lity.  Sufficient  compatibility  swans  that  th*  intake  flow  quality  is  always  better  than 
that  which  th*  engine  can  tolerate  (engine  sensitivity). 

Intakes  and  engines  have  to  be  developed  separately  at  first,  before  the  compatibility 

of  intake  and  enqine  can  be  measured  directly.  Only  the  specified  compatibility  para-  | 

meters  like  pressure  and  temperature  distortion,  turbulence  and  swirl  can  be  checked  at 
the  aerodynamic  interface  plane  during  the  development  wind  tunnel  model  tests.  The 

engine  itself  has  to  be  developed  behind  a  bellnouth  intake.  Special  simulators  or  , 

generators  located  between  bellmouth  intake  and  engine  compressor  face  simulate  typical 
intake  flow  patterns  which  yield  the  levels  of  the  specified  compat j bi 1 i ty  parameters 
up  to  the  engine  limits. 

A  comparison  of  the  real  and  the  simulated  intake  air  flow  pattern  showed  differ¬ 
ence*.  These  differences  between  the  real  and  the  simulated  intake  air  flow  pattern 
caused  substantial  t ise  delays  in  many  aircraft  projects.  For  example,  during  the  flight 
teat  phase  <»f  the  aircraft  F-lii  additional  model  and  full  scale  tests  had  to  be  per¬ 
formed.  A  teduc’ion  of  the  dynamic  intake  distortion  was  particularly  addressed  in  order 
t<>  solve  these  problems.  Another  example  -  the  multi  role  coiabat  aircraft  TORNADO. 

Also,  additional  model  and  full  scale  tests  were  necessary.  Flight  operations  at  higher 
angle*  of  incidence  produced  swirl  in  the  sir  intake  which  caused  the  engine  to  surge. 

An  Intake  fence  was  finally  adopted  and  completely  eliminated  the  problem  The  Intake 
fence  reduced  mainly  • he  intake  swirl.  A  reduction  of  the  pressure  distortion  and  the 
ptmesui*  '  ui  t>u  |  eriv'e  was  sis  measured. 

Noth  examples  and  *  fie  experience  from  -t  her  past  aircraft  developments  shows  also 
t  hat  -.wir  ■  •  •  .ikr  r!.*w  la*  -  u  jc  ri  r  »  -  •»*•*  l  1  t  .*.**•»  luring  engine  development 

«s  soon  as  possible  A  big  pa  i  t  >f  the  time  delays  laser  l  tied  above  had  t->  be  used  for  the 
iesign  and  manufacture  of  intake  f low  pattern  generators.  The  generator  development 
began  with  distortion  screens  and  later  also  with  secondary  air  injection.  These  types 
■f  genet  a*  >t  produced  air  in*  ake  flow  patterns  with  different  pressure  and  temperature 
ti4toiM.»n  i  steady  state  and  t  nst  an*  aneous  distort  ioni  in  front  of  *  he  engine  compressor 
f  he  n>SNA|M>  ci^i  has  shown  again  that  a  swirl  generator  is  necessary  m  addition 

•  the  pressure  and  •  ss|>si  rt  ar*  distort  ion  generator  for  future  aircraft  and  engine 
l to  let's  A  swirl  generator  is  not  only  necessary  for  » he  development  of  engines  without 

ihl#»  iui  Je  vanes  lldV'si  i  n  fr  nt  1  the  engine  fan,  like  T"RNAIk>  engine  SB  1  99 ,  it  in  * 

tls  ■  ne-esstry  fgt  future  engine  prelects  with  I  oV  '  »  in  front  »f  the  engine  The  develop 

een  t  if  i|ct,  swir  '  |ene  r  |i  ■  'i  »  will  !*•*  s  h»  *wi'  in  this  iej»oit  1 


it  kh\  •*!■»,*  g  ;NrAkt  six  ■■^h'liri  -k 


•  4  I  v  •.*«"»  H  .in  |  »  he.  ■«  w  •  ;  4  .  M  I  Irl  1’  1  '»>s  ':|v.  h  *>  .*f  »  »l  4  »  «  .  i  »  ipe  I  Son  t  l  P  t  ake  * 

*  «l>4  •  «  1  I  ■  s  af  ♦  p  *  *d  u  «•  ••  •  sen*  t  a  l  l  >  ’  w«  *  >  pw  *  •?  «xii  !  «gx  -nen »  ■  f  varying 

t*  4  in  l  •  ide  *•  •  w  l  »•  and  bulk  ««  *  r  i  i  »-v  of  '  »  !*h  l  •  I  «•  based  •('  'be  similarity  •  f  t  I'.ftr 

«  f  i  *f  *  •'*  «t*»  snd  *  he  it  f  ;  i  ,  to  r-  >  %  r  i  pe «*  *».i>  *■  it'iitrl  U  ■i><|  tire  s  s  hailed 

1  ♦  *  . s« i  s  be  4  >  •«*  f  the  «f  f  if  *  *ne  engine  irifur  •  •  tie  l  M  a. tv  The  wall  Is  oihda  r  y 

• » «'»  ;  f  -1  I  e  S  •  t«e  we  l  !  k  It*  *wn  '  w  l  •  .*w  i  t  i  when.  »  *w  *  %  •  n  i  hmv  I  'hr  -nigh  «  -simp  Ik  ben  t 

U»r  ;*■«••  si  'ul-le  sttaped  1  *.  »  I  see  paragraph  »  *  An  additional 

.|r>  »  » w  .  '  ,r>  t  sec  at  4 1  •  »•  'axes  |  «  «•  •  ?»v  eniiane  f  '  he  intake  with  sip 

’•  I  >en‘  *<<'.'  I  *  the  ?!  -w  j  a  ■  •  a  »«*  «  sepat  a*.  an  "-apl'en  e  r  4t  higher  angle  a 

•  .  *  let--  e  ins'.  If  i  1e  I  i  Skew  »•  *  ib#on  l  f  1  l  |f-t  s  f  4*  to.  »  *  1  -ng  diffusions  1  'W 

« •  t  «■  a*  ’  •  n«  a  '  .  at  1  e  »  •  t  1  4 *  1  ijwi  i.'iM  '  i  ih ♦  see  pa t  agr  aph  .  »  1  w  pend  1  ng 
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A  region  of  low  kinetic  energy  (low  total  pressure)  located  asymmetrically  at  one 
portion  of  the  intake  duct  perimeter,  e.g.  either  at  the  intake  cowl  or  at  the  ramp 
(fig. 1 ) ,  is  pushed  towards  the  inner  radius  of  the  bend  while  the  high  energy  air  is 
moved  outwards  by  centrifugal  forces,  as  shown  in  f ig. 3 . 

Fig. 3  also  explains  why  the  bulk  swirl  is  contrarotational  to  the  fan  at  subsonic 
speed  and  high  angles  of  incidence  in  the  left  hand  engine  and  at  supersonic  speed  and 
low  angles  of  incidence  in  the  right  hand  engine  respectively. 

In  contrast  to  the  twin  swirl,  bulk  swirl  is  rather  sensitive,  i.e.  it  changes 
considerable  in  magnitude  and  also  in  sign  for  varying  external  flow  conditions  (fig. 3) 
which  define  the  position  and  size  of  the  region  of  low  kinetic  energy  flow. 


2.3  Combination  of  Twin  and  Bulk  Swirl 

Typical  supersonic  intake  flow  patterns  as  shown  in  fig. 5,  6,  7  and  8  show  a 
combination  of  twin  and  bulk  swirl.  Fig. 4  illustrates  the  superimposing  of  these  two 
basic  intake  swirl  components. 


2.4  TORNADO  Intake  Swirl  (ref.1) 

At  subsonic  speeds  both  the  twin  and  the  bulk  swirl  increase  (fig. 5):  The  extremes 
in  deviation  from  the  mean  value,  the  local  maximum  and  minimum  values  at  the  outermost 
measuring  station  R  »  0,87  •  R(max),  are  a  measure  of  the  strength  of  the  twin  swirl, 
which  is  more  than  doubled  towards  the  high  incidence  end.  The  swirl  being  contra¬ 
rotational  to  the  fan  rotation  of  the  left  hand  engine  and  obviously  co-rotat ional  to 
the  right  hand  engine. 

At  subsonic  speed,  Mach  »  0,7,  fig. 7  shows  the  influence  of  the  engine  mass  flow. 
Reducinq  the  engine  mass  flow  at  intermediate  incidences  produced  swirl  angles  of 
similar  magnitude,  however,  of  opposite  sign,  fig. 7  (shaded  area). 

At  supersonic  speeds  an  analogous  dependence  of  swirl  versus  second  ramp  angle  (  *2 ) 
of  the  intake  shock  system  was  found,  fig. 6.  The  swirl  being  now  largely  contra-rota¬ 
tional  to  the  fan  rotation  of  the  riqht  hand  engine  and  obviously  co- rotat ional  to  the 
left  hand  engine. 

A  comparison  between  model  and  full  scale  data  was  made  under  static  conditions. 

As  shown  in  fig. 8,  the  flow  angles  at  the  duct  wall  of  TORNADO  prototype  obtained  by 
the  oil  flow  technique  agree  quite  well  with  the  flow  angles  measured  in  a  TORNADO  wind 
tunnel  model  by  a  rotatable  8  arm  rake  having  24  five-hole  probes.  Thla  agreement  was 
also  found  in  paragraph  4.1  and  4.2  (Moveable  Swirl  Generator).  More  details  about  the 
TORNADO  model  and  full  scale  tests  are  described  in  ref.». 


i.  SIMULATION  ->F  INTAKE  SM1RI. 

In  the  past  only  steady  state  and  instantaneous  (dynamic)  pressure  distortion  were 
particularly  attended  during  air  intake  and  engine  compatibility  Investigations.  In  1^77 
«,  i*sts  with  a  twin  switl  generator  in  front  of  a  compressor  were  published  by  the  DFVLR 
Irer.  »).  After  that  Rolls  Royce  per  foisted  RB '  ^  engine  rig  tests  with  fixed  bulk  swirl 
lenetatots  (ref. 4).  Swirl  angles  of  t  (bulk,  maxi  •  ***  and  10*  were  simulated. 

The  we  swirl  generators  IDFVl.lt  and  Ro  1 1  s  Royce)  simulated  either  twin  or  bulk  swirl. 

The  simulation  of  typical  supersonic  aircraft  intake  flow  patterns,  as  shown  in 
fig.  * ,  *  and  8  for  example,  is  the  objective  of  the  present  work.  These  flow  patterns 
witt-  some  s  impl  i  f  icat  i<»n*  will  tw»  simulated  by  fixed  and  moveable  swirl  generators. 

t  i  sed  swirl  generators  simulate  selected  specific  intake  fli>w  patterns  a*  the  static 
'e*r  rig  The  advantages  of  a  fixed  swirl  generator  art*  their  -treater  simplicity  as 
ompered  with  moveable  one*  and  a  1  bo  the  simulation  of  the  swirl  distribution  with 
nearly  no  total  pressure  disturbances.  The  effects  on  the  engine  ‘f  the  pressure  and 
swirl  distortion  can  be  measured  separately. 

Moveable  swirl  generators  simulate  as  well  selected  specific  intake  swirl  patterns 
as  time  variant  intake  swirl  patterns  which  correspond  to  the  flow  patterns  measured 
for  all  ground  and  flight  conditions.  The  main  advantage  of  a  moveable  swirl  generator, 
as  described  below,  is  the  fact  that  the  saijnitw  of  the  swirl  can  be  continuously 
varied  by  the  remote  controlled  variation  of  the  wing  incidence.  This  is  important  in 
an  emergency  situation,  as  for  example,  during  a  severe  engine  surge  which  requires 
I  Mediate  removal  of  the  swirl  disturbance. 


4  N(»f>EL  INVEST  KMT  IONS 

4.1  Model  Simulation  of  Intake  Swirl  Distortion 
Model  Mind  Tunnel  and  Testing  Technique 

The  model  investigations  were  made  in  a  low  speed  wind  tunnel.  Installed  in  the 
engine  test  facility  of  the  Jet  Propulsion  Institute  at  the  Universitlt  der  Bundeawehr 
Milne hen .  rig. 9  is  a  detailed  sketch  of  its  arrangement  which  consists  of  an  orifice 
plate,  a  W*  Send,  *  I*  diffuser,  a  plenum  chamber,  a  no«*le  reducing  the  circular 
cross  section  to  an  internal  diameter  of  200  mm,  the  modal  swirl  generator  and  the 
measuring  section.  In  front  of  and  in  the  plenum  chamber  screens  and  honeycombs  are 
mounted  in  order  to  obtain  uniform  flow  conditions  over  the  whole  Croat  section. 


Jk. 
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The  air  is  supplied  by  a  screw  compressor  with  a  pressure  ratio  of  2,6  and  a  constant 
mass  flow  rate  of  3,7  kg/s.  Part  of  this  mass  flow  rate  can  be  blown  off  through  a 
regulating  valve,  so  that  the  mass  flow  rate  through  the  wind  tunnel  easily  can  be 
changed. 

The  device  for  measuring  the  flow  patterns  behind  the  model  swirl  generator  con¬ 
sists  of  three  5-hole-probes  with  pyramidal  probe  heads  (see  fig. 10) .  These  probes  are 
equally  positioned  in  the  circumferential  direction  of  the  measuring  plane  and  can  be 
traversed  in  radial  direction.  In  addition  wall  static  pressure  holes  are  located 
midwise  between  the  5-hole-probes. 

The  fastening  of  the  model  swirl  generator  between  nozzle  and  measuring  section 
is  constructed  in  such  a  way  that  it  can  easily  be  turned  around  the  center-axis. 

In  this  way  the  whole  flow  field  behind  the  swirl  generator  can  be  measured  with  the 
three  5-hole-probes.  The  distance  between  swirl  generator  and  measuring  plane  can  be 
varied  by  different  lengths  of  pipes. 

In  addition  to  these  measurements  tests  were  made  by  using  the  oil  flow  technique  for 
getting  informations  about  the  flow  conditions  near  the  wall.  This  technique  is  based 
on  the  assumption  that  small  droplets  of  high  viscosity  are  moving  slowly  in  the  direc¬ 
tion  of  the  passing  air  flow.  Thus  a  lot  of  small  droplets  of  a  suspension  of  oil  and 
dye  were  applied  at  the  duct  wall  in  the  plane  to  be  measured.  Then  the  model  wind 
tunnel  was  set  in  operation  and  kept  at  the  desired  mass  flow  rate  for  about  five 
minutes.  After  shutting-down  the  air  supply  a  copy  of  the  trails  of  the  droplets  was 
obtained  by  pressing  a  sheet  of  paper  on  the  cylindrical  duct  wall.  In  this  way  it  was 
possible  to  obtain  the  wall  flow  pictures  at  different  distances  behind  the  swirl 
generator . 

Model  Swirl  Distortion  Generators 

The  aim  of  this  investigation  was  not  primarily  to  simulate  exactly  the  flow  condi¬ 
tions  measured  in  the  Tornado  intake  (refer,  Chapt . 2 ) ,  but  to  carry  out  basic  investi¬ 
gations  by  generating  two  basic  swirl  types  and  also  combinations  thereof  of  different 
magnitudes.  Therefore  the  following  model  swirl  generators  were  designed: 

FIXED  SWIRL  GENERATOR: 

With  this  type  of  swirl  generator  the  flow  deflection  is  generated  by  guide  vanes 
which  are  individually  cambered  with  respect  to  the  desired  flow  deflection. 

For  this  purpose  the  flow  fields  of  the  t wo  basic  swirl  types  are  descr ibed  in  simple 
theoretical  swirl  models:  According  to  its  definition  bulk  swirl  is  similar  to  a  solid 
type  rotation.  Thus  the  corresponding  guide  vane  have  to  generate  a  flow  deflection 
which  is  linearly  increasing  in  radial  direction  to  a  maximum  value  t  ('.MAX  (see  fig. T 1 l 
The  twin  swirl  is  a  counter  rotat lnq  double  swirl  which  is  approximated  by  a  swirT 
model  as  shown  in  fig. 12a.  The  model  for  determination  of  the  local  flow  deflection 
uses  concent r leal  semicircles  and  straight  lines  which  define  the  direction  of  the  cross 
flow.  The  flow  deflection  along  the  x-axls  corresponds  to  a  cosine-distribution  with  t he 
maximum  at  t  T.KAX.  The  flow  deflection  along  the  semicircle*  and  the  straight  parts 
f o 1  lows  also  a  cosine-distribution  with  the  corresponding  maximum  at  the  point  of 
intersection  with  the  x-axls.  In  this  way  the  flow  deflection  is  defined  in  each.  p'iri* 
of  the  cross  section.  As  examples  for  the  result inq  theoret leal  flow  Jef lections,  the 
distributions  along  the  45,  1JS,  *25  and  1 1  *•  * -d  i  r  eet  ions  are  shown  in  fig,  T  2  b . 

Combinat  ions  of  the  *  wo  basic  swirl  t  ypes  result  from  the  super  i>or  1 1  i .  of  these 
both  swirl  models  specifying  the  values  of  T  H.MAX  and  t  T.MAX. 

Fixed  mode  1  swirl  generators  were  designed  to  simulate  the  following  swirl  con f i gut  at  i  •:» 
assuming  zero  deviation  of  the  guide  vanes  as  a  r«  ugh  appr ox imat i on : 


Twin  swi t i 


Hulk  sw itl 


20  * 

1  5  * 

to* 


0  * 

s  * 

1  0" 

1 r-.  • 


Depending  on  the  strength  of 
the  rosbinat  n<ns  thereof  have 
one  swirl  center  if  t  H.MAX  * 
three  centers  if  t  H.MAX  •  t 
twin  swirl  are  equal!. 


the  maximum  d-f  lection  caused  by  bulk  swirl  and  twin  •' 
a  different  number  of  swirl  center*.  There  exists  on l 
t  r  .MAX ,  two  centers  if  i  H.MAX  *  t  r.MAX  and  finally 
T.MAX  ti.e  the  maximum  flow  deflections  of  bulk  swill 


and 


As  an  example  fixed  model  swirl  generators  for  the  sw i t 1  conf igurat ions  t  H.MAX  » 
T  I  ,  MAX  ■*  -  *  and  t  H  .MAX  *  ,  t  T  .MAX  20  *  I  l  .  e .  pure  twin  swirl)  are  sh«>wn  i  n  f  i  ^  ‘  l 

and  fig. 14 . 


MOVEABLE  SHIM-  GENERATOR : 

A  slender  sharp- edged  delta  wing  generates  two  s  ymme t  r i ca 1  vortex  sheets  above  its 
upper  surface  at  specific  angles  of  attack  ^ (see  f lg . T  5 ! ■  The  vortictties  are 
generated  by  flow  separation  at  the  sharp  lead i nq- edges  o?  the  wing. 

Therefore  a  sharp-edged  delta  wing  with  trapezoidal  cross  section  was  used  as  s 
moveable  swirl  generator.  Its  geometry  is  shown  in  fig. 1 6 .  The  main  data  are  the  leadinq 
edge  sweep  angle  of  60*  (l.e.  an  aspect  ratio  of  2 ,  II 7  the  maximum  thickness  ratio  of 
0,01  and  the  vertex  angle  of  the  bevelled  leading-edges  of  about  ®*. 

The  adjustment  of  the  angle  of  attack  is  carried  out  by  two  sw>veable  sticks.  For 
aerodynamical  purposes  these  sticks  are  covered  by  suitable  shaped  fairings  (see  fig. 1 7 ! 


This  mechanism  allows  to  change  the  angle  of  attack  from  0*  to  24*  in  steps  of  j * 


4.2  Results  of  the  Model  Wind  Tunnel  Tests 

As  was  explained  before  the  main  objective  of  the  model  investigations  was  » 
ate  defined  swirl  patterns  with  the  present  subscale  swirl  generators  and  to  :rv*» 
the  influence  of  the  distance  between  swirl  Qeneratoi  and  measureinq  plane  »n  the 
of  the  generated  flow  field. 

FIXED  SWIRL  GENERATORS 

For  the  fixed  swirl  generators  the  following  program  of  measurements  using 
probes  was  conducted: 
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of  these  results  are  shown  m  f  ig . 2 1  and  fig. 2 4 
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CONCLUSIONS 


IX-7 


On  the  basis  of  a  detailed  investigation  of  the  engine  inlet  flow  pattern  behind  a 
typical  supersonic  intake  of  a  military  fighter  aircraft  it  has  been  shown  that  also 
swirl  distortions  have  to  be  considered  as  dominant  influence  parameters  on  engine  per¬ 
formance  and  intake/engine  compatibility.  Two  basic  types,  i.e.  twin  swirl  and  bulk  swirl 
and  also  combinations  thereof  had  to  be  considered.  Model  tests  with  fixed  and  moveable 
generators  have  proven  their  ability  to  reproduce  those  swirl  distortions,  and  they 
showed  good  agreement  with  the  target  patterns.  The  engine  performance  investigations 
with  full  scale  generators  will  be  performed  with  a  Larzac  04  low  by-pass  engine  in  the 
engine  test  facility  using  comprehensive  instrumentation  for  flow  field  measurements  in 
the  inlet  duct  as  well  as  engine  performance  measurements. 
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mcrtocopr  resolution  test  chart 

HATlOMAL  SUM*)  Of  STANDARDS -1963* 


1  -  variable  raapj 

2  •  auxiliary  air  intake  doori  (MID) 

3  -  boundary  layer  diverter 


Figure  1.  Tornado  Inlet  Geometry 


Figure  2.  Comparison  of  Computed  (Solid  Lines)  and  Measured 
Twin  Swirl  (Dashed  Lines)  In  a  21*  Bent  Pipe. 
Lines  of  Constant  Axial  Velocity  Ratios; 
w  =  41,6  m/s;  Ref. 2 


Engine  Rotation 
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— '  —  Forces 
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Low  Energy  Flow 
(Separation  at  Third  Ramp) 
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a)  Subsonic, High 
Incidence 


b )  High  Supersonic.Low 
Incidence 


Figure  3.  Generation  of  Intake  Swirl,  Ref.l 
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Figure...^  Superimposing  of  Bulk  and  Twin  Swirls 
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Flgiirfi-3'  Tornado  Inlet  Swirl  at  High  Angle  of  Attack 
(Subsonic  Flight)  ,  Ref, 5 
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Figure  9.  Arrangement  and  Instrumentation  of  the 
Low  Speed  Model  Wind  Tunnel 


Figure  10.  Five  Hole  Swirl  Probe 


Figure  ll.  Theoretical  Model  for  Bulk  Swirl 


Figure  12a.  Theoretical  Model  for  Twin  Swirl, 
Flow  Deflection  Along  the  x-Axls 


Figure  12b.  Theoretical  Model  for  Twin  Swirl 
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Fioure  15.  Vortex  Formation  Over  a 
Sharp-Edged  Slender 
Delta  Wing  (Ref .7 ) 


Duct 


Figure  17.  Fastening  and  Mechanism  for 
Positioning  of  the  Subscale 
Moveable  Swirl  Generator 


Figure  16.  Geometry  of  the  Model  Delta  Wing  -  Moveable  Swirl  Generator  - 


Figure  18.  Cross  Flour  Pattern  behind  the  Fixed  Swirl  Generator 


T,max 


Angle  of  Incidence  =  15 
Air  Flow  «  3 ,7  (kg/s) 


gure  27.  Device  for  Measuring  the  Flow  Conditions 
in  Front  of  the  Engine 
(  equipped  with  8  five  hole  swirl  probes  ) 


Moveable  Swirl  Generator  for  the  Full  Scale  Investigations 
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DISCUSSION 


PfeJUmette,  Fr 

How  do  the  distortions  caused  by  a  fixed  twin-swirl  generator  and  a  moveable-swirl  generator  compare  and  which  one 
do  you  think  would  give  the  best  simulation  of  the  actual  distorted  flow  in  the  intake  of  an  engine  in  the  same  flight  case? 
1  am  thinking  about  distortion  and  turbulence. 

Author’s  Reply 

We  could  not  find  turbulence  during  our  test  but  we  have  started  only  with  model  tests.  The  engine  tests  will  be  earned 
out  in  the  immediate  future. 


Ph.Ramette,  Fr 

The  first  part  of  my  question  was:  which  kind  of  swirl  generator  would  you  prefer? 

Author’s  Reply 

We  started  with  the  moveable  one.  the  delta  wing. 


M.DupslafT,  Ge 

Could  you  say  something  about  the  pressure  loss  of  the  different  kinds  of  swirl  generators,  especially  the  circumferential 
distribution  of  the  loss? 

Author’s  Reply 

Would  you  like  to  have  the  distortion  values?  The  DC(60)  for  the  moveable-swirl  generator  is  less  than  0. 1 .  About  0.05 
or  0.06, 1  do  not  know  exactly  at  the  moment. 


HG.Hercock,  UK 

Do  you  propose  to  test  the  engine  with  total-pressure  distortion  as  well  as  swirl?  If  so  how  are  you  to  generate  it? 

Author’s  Reply 

At  first  we  will  start  with  swirl  generators  only,  as  it  was  our  clear  intent  to  investigate  the  two  disturbances  separately 

That  is,  we  simulate  either  swirl  or  pressure  distortions  measured  for  a  typical  case  in  the  real  inlet  flow.  In  order  to  get 
the  engine  response  (surge)  either  the  simulated  disturbances  will  be  increased  (proportionally)  or  the  engine  will  be 
made  more  surge  prone,  eg  by  reducing  the  throat  of  the  thrust  nozzle.  The  simultaneous  simulation  of  swirl  and 
pressure  distortion  may  then  not  be  necessary,  but  could  be  accomplished  as  outlined  in  Reference  1. 
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